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Les tourbie`res remplissent une importante fonction de re´gulation des cycles bioge´ochimiques, en
tant que puits, sources et transformateurs de nutriments et autres contaminants chimiques. Elles ont
donc un impact sur la qualite´ ge´ne´rale des eaux et sur la productivite´ des e´cosyste`mes. L’alte´ration de
leur fonctionnement engendre des processus de de´gradation chimique, biologique et physique
de la tourbe et de´stabilise donc l’e´cosyste`me global. L’asse`chement des tourbie`res peut en outre
contribuer a` l’e´mission de gaz a` effet de serre (CO2, N2O) (Reddy and Delaune, 2008).
Les tourbie`res sont tre`s sensibles a` des modifications meˆmes le´ge`res du re´gime hydrologique qui
peuvent re´sulter de variation du climat ou de pressions anthropiques. La position relative du niveau
d’eau controˆle l’e´quilibre entre accumulation et de´composition de la tourbe. A l’e´chelle plane´taire,
la diminution des niveaux d’eau et la re´duction des pe´riodes d’inondation, notamment induite par
le drainage, est aujourd’hui associe´e a` divers proble`mes (Holden et al., 2004). Les effets ne´gatifs
se re´percutent a` la fois sur la structure physique de la tourbe et sur la qualite´ des eaux du
milieu. Par exemple, quand l’ae´ration de la tourbe augmente, sa de´composition est accrue par l’action
des bacte´ries ae´robies qui de´composent bien plus efficacement la matie`re organique qu’en condition
anae´robie. Un impact visible de ce processus est la subsidence qui entraıˆne une baisse de la densite´
dans la couche supe´rieure en quelques anne´es suivant la baisse du niveau d’eau (Silins and Rothwell,
1998). L’oxyge`ne accroıˆt la mine´ralisation des nutriments, en particulier l’azote et le soufre lie´s au
carbone. La tourbe contient de grandes quantite´s d’azote, de soufre et de carbone qui peuvent donc
potentiellement ge´ne´rer des exports en nutriments importants.
Les zones humides sont des e´cosyste`mes complexes, dont les fonctions sont supporte´es par de
nombreux processus physiques, chimiques et biologiques. Les progre`s de la recherche scientifique
dans ce domaine ont mis en e´vidence qu’une approche interdisciplinaire est requise pour correctement
de´crire ces milieux. Le travail pre´sente´ dans cette the`se applique cette approche interdisciplinaire
en combinant hydrologie, ge´ophysique, hydrochimie, biochimie et mode´lisation nume´rique.
Le site d’investigation est une prairie tourbeuse situe´e dans la presqu’ıˆle du Cotentin, en Nor-
mandie au NW de la France (Figure 1).
Les zones humides de Normandie se situent sur les de´partements de la Manche et du Calvados et
couvrent 30 000 ha. Elles sont compose´es d’une multitude de milieux, abritant une diversite´ d’espe`ces
animales et ve´ge´tales dont certaines sont emble´matiques a` l’e´chelle nationale et internationale. Situe´s
sur l’axe migratoire Europe du Nord - Afrique, les marais constituent une halte indispensable pour des
milliers d’oiseaux. Leurs caracte´ristiques e´cologiques sont reconnues au titre de la convention Ramsar
et des directives europe´ennes habitat et oiseaux. A ces atouts s’ajoute l’existence d’une importante
ressource en eau potable d’inte´reˆt re´gional. Afin de pre´server au mieux ce riche ecosyste`me tout en
maintenant des e´quilibres entre acteurs du territoire, un Parc Naturel Re´gional a e´te´ cre´e´ en 1991.
Cinq grands enjeux ont e´te´ identifie´s a` l’horizon de la de´cennie a` venir dans la charte 2009-2021:
(1) pre´server et conforter la biodiversite´ (2) assurer une gestion e´quilibre´e de la ressource en eau (3)
impulser un e´co-de´veloppement (4) valoriser les diffe´rents patrimoines comme facteur d’attractivite´
et (5) cultiver la de´mocratie participative pour mieux mettre en oeuvre le projet de territoire.
Les marais du Cotentin se sont de´veloppe´s sur une couche limono-argileuse, elle meˆme supporte´e
par des roches calcaires et sableuses qui he´bergent un aquife`re capacitif exploite´ pour l’eau potable.
Cette zone humide a de´ja` subit un long historique de drainage, auquel s’ajoute aujourd’hui l’impact
de l’extraction d’eau potable dans l’aquife`re sous-jacent. La conse´quence majeure est que le profil
tourbeux est sujet a` de plus courtes pe´riodes d’inondation, exposant la tourbe a` des conditions plus
ae´re´es.
Du fait d’une demande croissante en eau potable de bonne qualite´ sur le de´partement de la
Manche, une implantation de nouveaux pompages est pre´vue a` court terme. Eaux souterraines et
de surface sont en connexion, donc un impact sur les zones humides est pre´visible (Auterives et al.,
2011). D’autre part, une ancienne carrie`re d’extraction de tourbe de type bombe´e (tourbie`re de
Baupte) est soumise a` un abaissement des eaux et a aussi un impact sur les niveaux actuels de la
zone humide. Enfin, le changement climatique, dans ces milieux hautement sensibles, est pre´sume´
avoir un impact significatif (Gitay et al., 2001).
Dans ce contexte, la pre´sente e´tude a e´te´ initie´e par le Parc Naturel Re´gional afin notamment
de re´pondre aux questions suivantes:
1. Mieux comprendre le fonctionnement hydrologique des zones humides dans le bassin hy-
drologique global, incluant la nappe souterraine et les eaux de surface.
2. Mesurer l’impact d’une augmentation du pompage dans la nappe, sur les zones humides
(pre´vue a` court terme).
3. Mesurer l’impact du changement climatique sur les zones humides, a` l’horizon de la fin
du sie`cle.
4. Etudier l’impact de ces changements sur la biochimie de la tourbe.
Pour re´pondre a` ces questions, l’analyse de la bibliographie (reprise dans chacune des parties
qui suivent) met en e´vidence plusieurs points qui restent a` pre´ciser. Le controˆle hydrologique sur le
fonctionnement bioge´ochimique des tourbie`res est bien connu, mais les effets de variations de flux,
notamment sur les communaute´s microbiennes, a e´te´ peu e´tudie´ (Bougon et al., 2009). L’effet des
re´pe´titions des variations de niveaux d’eau reste une question ouverte. De plus, les e´chelles de temps
pertinentes et les effets re´troactifs des me´canismes mis en jeu sont peu connus. Ceci est d’un enjeu
primordial dans les strate´gies de restauration des tourbie`res. La pre´sente e´tude a donc e´te´ mene´e pour
e´valuer l’effet des variations de niveau d’eau sur le fonctionnement bioge´ochimique de la tourbie`re.
Ces effets sont e´tudie´s a` trois e´chelles par analogie avec les variations sur le terrain (Figure 2): (1)
la Partie I est a` l’e´chelle du bassin versant sur des variations de niveau d’eau moyennes sur l’anne´e
(2) la Partie II est a` l’e´chelle de quelques jours relatif a` des conditions statiques (3) la Partie III
est a` l’e´chelle de variations de niveaux d’eau ou de changement de flux hydrologiques a` long terme
(plusieurs anne´es).
Ce rapport se divise donc en trois grandes parties:
1. Une e´tude sur l’hydrologie du syste`me inte´grant l’impact des pressions anthropiques
2. Une description des processus biochimiques en jeux et l’impact de cycles re´pe´te´s de mise
en eau et de drainage.
3. Une e´tude de l’alte´ration de ces processus en re´ponse a` des changements environnemen-
taux.
La premie`re partie a pour but de comprendre le fonctionnement hydrologique du syste`me dans
sa globalite´ pour ensuite pre´dire l’impact d’une augmentation des pompages et du changement clima-
tique a` l’horizon de la fin du sie`cle. Trois axes d’investigation sont pre´sente´s: (1) une description de la
zone humide comple´te´e par une e´tude ge´ophysique de l’e´paisseur des tourbes (2) une caracte´risation
de l’aquife`re par datation des eaux et analyses chimiques et (3) une mode´lisation nume´rique en 3 di-
mensions pour de´terminer les impacts respectifs d’une augmentation du pompage et du changement
climatique.
La deuxie`me partie s’inte´resse aux processus biochimiques de l’eau au contact de la tourbe en
re´ponse a` une alternance de cycles ae´robies/anae´robies. Trois axes d’investigation sont pre´sente´s:
(1) une description du comportement du sulfate et du carbone organique dissous en re´ponse a` ces
alternances (2) les diffe´rences de comportement globales en s’inte´ressant aux effets de fluctuations
de nappe dynamiques versus des conditions de stagnation (3) l’impact des conditions teste´es sur les
biomasses et communaute´es microbiennes.
La troisie`me partie e´tudie l’impact de deux changements environnementaux sur les processus
biochimiques, mis en avant par l’e´tude hydrologique : (1) la dessiccation de la tourbe suite a` un
asse`chement prolonge´ et (2) la recharge de la tourbie`re par deux types d’eau, soit une eau de surface
(cours d’eau) et une eau souterraine.
Le rapport est finalise´ par une synthe`se ge´ne´rale conduisant a` souligner quelques points de vigi-


























































































































































































































































Figure 2: Les variations de niveaux d’eau dans la zone humide a` diffe´rentes e´chelles. Donne´es issues
d’une e´tude pre´ce´dente (Auterives, 2006)

Part I




This first Part aims to understand the global system hydrological functioning (wetland and under-
lying connected aquifer) and then to predict the impact of increasing pumping and climate change at
the end of this century.
Three Chapters are presented:
The first Chapter provides a global description of the wetland completed by a geophysical inves-
tigation to determine the depth of the peat/aquifer interface.
The second Chapter provides a characterization of the aquifer by water dating and chemical
analyses in order to gain knowledge in the aquifer functioning and vulnerability and the potential
wetland influence.
The third Chapter presents a numerical 3D modelisation to reproduce the global hydrological
functioning and then to predict the respective impacts of increasing pumping in the aquifer and climate
change on the wetland hydrology.

Chapter 1
Wetland history and extension and peat
thickness
Collaboration team: Didier Michot (UMR SAS INRA Rennes) and Julien Lacombe (Licence stu-
dent University of Rennes 1). The geophysical technical skills are provided by the INRA. In this
Chapter, geophysical methods and results will be synthetically presented.
Meadow peatland Nay oct 2009 
Meadow peatland Gorges nov 2010 
Figure 1.1: Wetland landscape in un-flooded and flooded conditions
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The wetlands of Normandy are extending on two french departments, the Manche and the Cal-
vados and cover 30 000 ha. They integrate a mosaic of water meadows forming a drainage network
converging towards the sea. They exhibit a great biodiversity and are an important stop for migra-
tory birds. These wetlands are included in the list of the Ramsar convention since 1991. In order to
preserve this unique ecosystem while maintaining the agricultural activity, a Natural Regional Park
was created in 1991. Four major issues are pointed out for the next 10 years: (1) preserve and re-
inforce the biodiversity (2) insure a sustainable management of the water resource (3) encourage an
eco-development and (4) make the territory attractive.
A major issue is to maintain a sustainable equilibrium between environmental protection, water
needs and the agricultural activity.
In this context, the study presented in this first Part was aimed to gain knowledge in the aquifer
and wetland hydrological functioning and their potential vulnerability to pollution. In addition, a
major issue was to determine the wetland sensitivity to increasing groundwater abstraction and climate
change.
The peatlands of Normandy have developed over the last 5000 years from the anaerobic decom-
position of feather mosses. The plant assemblage is mostly composed of phanerogams including trees
and shrubs whose woody skeleton is well preserved in the peat (Provost, 1982). Most of the Cotentin
peatlands are now at the end of the active turf-forming phase. Peats have almost entirely ceased ac-
cumulating organic matter, in spite of frequent and persistent flooding (Provost, 1982). The wetland
ecosystem has evolved in equilibrium with human activities, preserving a rich biodiversity (Provost,
1982) (Provost, 1993).
This widely extended wetlands have undergone numerous disturbances. In the XVIII century the
wetland was flooded 9 months per year (Bouillon-Launay, 1992). Since 1712 a human controlled
drainage system was gradually installed. It presently consists in a network of channels and ditches in
which the water level is set low in spring to minimize flooding and high at the end of the summer to
act as wet-fencing. Since the 1950s, due to agricultural constraints, the flooding season has decreased
to only 3 months on average. The top peat profile is thus subjected to longer periods of dessication.
The study area is limited by the Sainteny-Marchesieux basin where the wetlands extend over
approximately 30 % of the total area (Figure 1.2).
The investigated peatlands are mesotrophic freshwater fens with slightly acid to neutral pH. They
are nowadays classified in the meadow peatland type with plant communities dominated by Dacty-
lus glomerata L., Holcus lanatus L., Agrostis stolonifera L., Festuca arundinacea S. and F., Carex
spp. and Juncus effusus L.(Bouillon-Launay, 1992). The peat thickness is roughly known by locally
distributed data (Bouillon-Launay, 1992): available values range between 1 and 7 m. The peatlands
overlie: (1) a clay-rich layer of variable thickness (available data provides values from 1 to 6 m),
although not always present and (2) a Miocene to Quaternary sandy formation 50 to 100 m thick
(Baize, 1998). Peat hydraulic conductivity was measured locally by sludge tests and covers several
orders of magnitude, ranging from 1.4.10−9 to 1.5.10−5 m.s−1, mainly depending on the depth (Au-
terives et al., 2011). The clay-rich layer hydraulic conductivity was also measured locally and values
range between 10−7 and 3.3.10−8 m.s−1. The deeper peat and the clay-rich layer hydraulic conduc-
tivities are thus not very distinct. The underlying Miocene to Quaternary aquifer has much higher
hydraulic conductivities ranging from 8.10−3 to 5.5.10−4 m.s−1 (Auterives et al., 2011).








Figure 1.2: Sainteny-Marchesieux basin and wetland extension
attempt (Auterives et al., 2011) (see also Chapter 3), has pointed out the need to better know the
peat thickness. The present study investigated the peat thickness by a geophysical electrical method
on 3 transects in the Seves wetland (localisation on Figure 1.2). A short overview of the results is
presented.
Resistivity method Soils and rocks have a resistance to electric current determined by the nature
of the material (clay, quartz, sand, laterite, organic matter), the texture of the material (pore size,
contact surfaces) and the medium contained in the pores (air, fresh or salt water, contaminants, etc.).
The resistivity method provides a vertical and lateral mapping of the electrical resistance along the
investigated soil profile. Consequently, altered zones, highly hard rocks, limits between layers can be
detected. In this study, distinction between peat, clay and underlying sandstone/limestone/marshes is
investigated.
In order to investigate around 20 m depth, 64 electrodes spaced every 5 m, were placed into
the soil along the transect and connected to a resistivity meter (Wenner configuration). Measures
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were done between two pairs of electrodes: an electrical current (in Amperes) is injected in two
electrodes and a difference in potential (in Volts) is measured in two other electrodes, located in
between the injection electrodes. The resulting resistance is then calculated by the ohms law. A series
of measurements is done by gradually spacing the distance between electrodes to obtain a complete
2D vertical profile. A specific data treatment is needed (use of a resistivity model to inverse the
apparent values to specific values, integration of a fine scale topography, adapted discretisation...) to
finally obtain an interpretable profile.
Peat depths The transect localisations are reported in Figure 1.3. The transect vertical profiles after
treatment are illustrated in Figure 1.4. Several hand measured peat depths, by use of a long auger 15
m length, are reported on the transects. The resistivity method was successful, as the difference in
resistivity between peat and the underlying more resistant layer made discrimination possible. The
hand depth measurements correlated well with the resistivity profiles. Peat resistivity was thus esti-
mated between 0 and 50 Ohm.m. However, the peat and the clay-rich layer could not be distinguished.
Globally, peat thickness is relatively variable along the transects ranging from a few centimetres in
the borders to more than 15 meters at some locations. Peat is deeper in transects 2 and 3 and thinner
in transect 4. On average, the peat thickness is locally higher than formerly estimated by the available














Figure 1.3: Location of the transects






































































































Collaborating team: Thierry Labasque for technical support and expertise, Odile Henin for field
and analytical support, Martine Bouhnik-Le Coz and Patrice Petitjean for analytical support
Introduction
The hydrological catchment of Sainteny-Marchesieux is located in North Normandy and extends on
135 km2. The Cotentin peatland has developed on top of a clayey bed which is supported by a highly
transmissive aquifer used for drinking water supply. Due to an increasing demand in good water
quality, the authorities plan to increase the extraction.
The objective of this study is to characterize the aquifer by : (1) a synthesis of available data
provided by the authorities (2) field measurement of water residence times by age dating using
CFCs et SF6 tracers (3) a hydrochemical characterization to access chemical knowledge and
vulnerability within the aquifer.
2.1 Study site
The Sainteny-Marchesieux basin extends over approximatively 135 km2 and culminates at 30m (Fig-
ure 2.1). Vast wetlands are located in lowlands along rivers and made of peat soils.
The basin geology was studied by Baize (1998) (Baize, 1998): it is a graben, bounded by NE-
SW oriented faults (South limit of the sub-catchment of Marchesieux and separating limit between
Marchesieux and Sainteny in the centrum) and NNW-SSE faults (see Figure 2.2). This basin can reach
150 meters depth and lies on Permian pelites. It is limited by impermeable bedrocks: Precambrian
rocks (paleovolcanites, quartzite diorites, sandstones and arkoses) to the South, Trias and Permian
rocks to the East and the North and Paleozoic schist and sandstones to the West (Vernoux et al., 2000)
(Baize, 1998).
Two sub-catchments, which make up two main aquifers, can be distinguished:
• Sainteny in the North-West, extending on 35 km2. Dominated by limestones and sandy shell
limestones (Faluns du Blehou) with gross grain size making this rocks very permeable. Max-
25






Figure 2.1: Sainteny-Marchesieux catchment
imum thickness is about 100 meters. Depending on the presence of a clayey bed or peat, the
aquifer is locally confined, semi-confined or unconfined.
• Marchesieux in the South, extending on 100 km2. The geology is more heterogeneous with
an inter-layering of clayey marshes (of Saint Nicolas), clayey-sandy-silty marshes (of the Bosq
d’Aubigny), clayey siltite and finely grained sandstone (of Marchesieux). The hydraulic con-
ductivity is approximately 10 times lower than in Sainteny. Thickness is greater with a maxi-
mum around 150 meters. The aquifer is dominantly unconfined.
Finally, sands (of Saint-Vigor) overly the whole geological formations. They are locally completed
by Holocene peats and Quaternary alluvial material.
At present, water extraction is predominantly affecting the sub-catchment of Sainteny, with around
5 millions m3 pumped per year (supplying 90 000 inhabitants). Five pumping wells are used, 3 work-
ing since 1992, and 2 since 2002 (see Figure 2.1). The other sub-catchment is only poorly exploited
by one well, with a pumping rate of around 0.14 millions m3/year since 1999. Mean annual rainfall
and temperature are 923 mm and 11.2 ◦C, respectively (average 1946-2009 Meteo France). Run off
was already calculated in a previous study (SOGREAH PRAUD, 2001) by taking into account the ra-
tio river discharge:precipitation. The resulting average evapotranspiration is 70 % of the precipitation
(Auterives et al., 2011). Groundwater extraction represents approximately 9 % of the recharge.
These sub-catchments are drained by a dense water surface network. Subsurface flow is globally
2.1. STUDY SITE 27






Figure 2.2: Structural diagram of the catchment geology
from South-west to North-east according to 3 main rivers : The Seves (in the North) which feeds
the wetlands of Baupte, the Holerotte (in the middle) affluent of the Seves and the Taute which feeds
the wetlands in the East (see Figure 2.1). The wetlands are mainly located in peat formations which
thickness are between 5 and 15 m (chapter 1). These wetlands are hydrologically connected with the
deeper aquifer (See Chapter 3).
Land use is mainly agricultural, with cattle breeding as dominant practice. More than half of
the area is dedicated to meadow and crops (mainly corn). Wetlands (dominantly peatlands) cover
approximately 30% of the area. The basin is at 30 m above see level at its highest point. In the
peatlands and along the streams the average altitude is between 1 and 5 m.
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2.2 Materials and methods
2.2.1 Sampled wells and waters
Fourteen wells located in the aquifer were sampled twice: in April during high water levels and in
October 2009 during low water levels. The sampling was replicated (i) to increase the measurement
reliability (ii) to check if the hydrological period had an impact on water chemistry and ageing. The
criteria to choose the wells were as follow:
• a good spatial distribution to cover the land
• a good spatial distribution to cover the flow directions based on the piezometric map
• a good representation of the different lithographies within the aquifer
Figure 2.3 shows the well locations. Information about the wells, i.e. lithographic and technical
features, were provided by the public authorities (DDAF Manche) (CDHAT, 2008).
Rain water samples analysed in 2004 (Auterives, 2006) were also used in order to quantify the
salinity supply (expressed as NaCl) within the aquifer, originating from the rain water. Finally, 4
streams were sampled in order to compare their chemistry with the aquifer which may be helpful
to evaluate connections with the aquifer and surface water pollution. Figure 2.3 shows the stream
sampling locations.
2.2.2 Defining the sampling depth
The different lithologies presented in section 2.1 result in different transmissivities between wells but
also within the vertical profile of a well. Consequently, within a well, some sections will dominantly
contribute to its productivity. Some useful data is available to detect this:
• well lithological diagrams on all the wells
• flow meter measures on two wells
• diagraphies on two wells
In order to choose relevant sampling depths (i.e. a sample representative of a productive zone
avoiding transition zones), these data were completed by multiparametric vertical profile measure-
ments (Multi-Parameter TROLL 9000 Equipt. Scient.). This probe measures simultaneously pressure
(converted to depth), temperature, conductivity, oxygen, pH and redox potential. The probe is slowly
rolled down to the bottom of the well with a winch. The parameters are loaded when going down
and again when the probe is moved up, for better reliability. 45 minutes are needed to achieve this.
Interpretation of the profiles can be done directly to select relevant depths.
After defining the relevant sampling water depth, water is pumped with a Grunfoss MP1 pump.
Sampling is done when chemical parameters are stabilized, i.e. temperature, O2, conductivity, redox
potential and pH (measured with probes).



















Figure 2.3: Sainteny-Marchesieux catchment and samples location
2.2.3 Water dating by CFCs and SF6
The dating method is based on the analysis of the chlorofluorocarbons (CFC) and the sulfur Hex-
afluoride (SF6). These gases originate from anthropogenic sources and their concentration in the
atmosphere are well known (Figure 2.4). They are present since the middle of the XXth century.
Measuring these elements in the water allows to estimate when the water entered the aquifer. Cou-
pling the three CFCs and the SF6 provides a range of ages of about 3 years. Measuring the noble
gas Ne is needed to correct the SF6 concentrations for excess air. It should be taken into account that
the computed ages are apparent ages. A good understanding of the hydrological system is needed to
interpret the ages, notably because of the mixing processes between various flow lines.
Sampling protocol and analysis were developed in the laboratory of Geosciences-OSUR Rennes
(Labasque et al., 2006) (Ayraud et al., 2008). Water is sampled in vessels directly connected to the
pump tube to avoid atmospheric contact. To analyse the CFCs and SF6, water is degassed and trapped
(‘purge and trap’) at freezing temperature. Consequently, the gases are isolated, further desorpted
at boiling temperature and analysed by gas chromatography with an EDC detector. Uncertainty is
attached to the analytical gas measure and reported in Table 2.1. For the noble gases, water samples


















































Figure 2.4: Atmospheric CFCs and SF6 concentrations since 1900
Table 2.1: Quantification limits of the dating tracers
CFC-12 CFC-11 CFC-113 SF6
pptv 26 6 5 0.86
Dating possible after 1956 1956 1980 1980
are taken by overflow in glass bottles, to avoid contact with the atmosphere and trap of gas bubbles.
A head space is then created in the bottle by injection of an inert gas (the equivalent volume of water
is transmitted to a syringe). The gases within the water equilibrate with this gaseous phase and are
further analysed by chromatography with a catharometric detector. The original gas contents are then
computed based on the fractionation laws between liquid and gaseous phases (Labasque et al., 2006).
Additionally, N2 is analysed: a high value may indicate denitrification.
2.2.4 Anions, cations and carbon
The pH was measured in the field, with a combined Mettler InLab electrode after a calibration per-
formed with WTW standard solutions (pH 4.01 and 7.00 at 25 C). The accuracy of the pH mea-
surement is 0.05 pH units. The electrical conductivity (EC) was measured in the field, by a Consort
electrode C533 with an accuracy of 0.01 µ S/cm. The redox potential (Eh) was measured in the field
by a Mettler Platinium 4805 electrode with an accuracy of 1 mV.
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4 ) concentrations were measured by ion chromatogra-
phy (Dionex DX-120): the uncertainty was below 4%. Major cation (Ca2+, Na+, K+, Mg2+, Mn2+,
Fe) concentrations and 31 tracers were determined by ICP-MS (Agilent 4500), using indium as an
internal standard. The international geostandard SLRS-4 was used to check the validity and repro-
ducibility of the results. Typical uncertainties including all error sources lay between 2 and 5%,
depending on the concentration.
Dissolved organic carbon was analysed with a Total Organic Carbon analyser (Shimadzu TOC-
5050A). The accuracy of DOC measurement was estimated at 3% (by using a standard solution of
potassium hydrogen phthalate). Dissolved inorganic carbon was also measured with the Shimadzu
TOC-5050A with an accuracy of 0.2%.
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2.3 Results
2.3.1 Well description
Wells are described in Tables 2.2 and 2.3 for Marchesieux and Sainteny basin respectively.
The depth indicated in the second column is the maximal depth measured. In some wells the orig-
inal depth (technical data) is not reached, presumably because of clogging (termed ”blocked” in the
table). The third column termed ”Shift” means that there is a sudden change in the chemical param-
eters along the vertical profile (measured by the multi-parameters probe). These ”shifts” correlated
with the other available data (see section 2.2.2) provide information about specific productive zones.
They are thus used to choose sampling depths.
Practically, the profiles often show a homogeneous water column. This suggest that the most trans-
missive zone contributes predominately to the well supply or alternatively that the totally screened
wells mix all the flow lines in the well. Consequently, 9 wells were sampled at one depth, around
the middle of the screened well (no shift); 3 wells were sampled at 2 different depths: S14, F1 and
F2 (one shift); 2 wells were sampled at regular depths: S18 (5 depths) and 0015 (6 depths) to further
investigate the vertical variations in recharge and discharge zones. An example of temperature profile
for the well F2 is given in Figure 2.5.
Conductivity ranges between 380 and 807 µS/cm. The highest values are correlated to the most



















Figure 2.5: Temperature profile in well F2 measured by the multi-parametric probe
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Table 2.2: Overall description of the wells in Marchesieux catchment














3X-15 47 homog. 10 faluns de
Bohon
jun.2010 0.85 12.5 714 0 7.1 46
30 faluns de
Bohon
apr.2008 0.82 12.7 716 0 7.2 50
oct.2008 0.93 13.4 709 0 7.2 195
45 faluns de
Bohon
jun.2010 0.85 12.9 709 0 7.2 156
S15 31 (bl) homog. 30 faluns de
Bohon
apr.2008 14.6 12.5 537 0.80 6.6 376
oct.2008 14.9 12.9 556 0.01 6.6 388
S10 100 (bl) homog. 80 gre`s de
March.
apr.2008 7.4 13.1 711 0 7.9 16
oct.2008 8.3 13 709 0 7.8 239
6X-43 45 (bl) homog. 40 faluns de
Bohon
apr.2008 9.77 13.4 451 0.34 7.1 71
oct.2008 9.95 13 446 0 7.6 313
6X-18 52 homog. 38 yellow
shelly
sand
apr.2008 8.6 13.5 570 4.4 6.5 98
oct.2008 9.08 12.3 572 0.91 6.8 294
S14 75 66 m 40 faluns de
Bohon
apr.2008 21.3 13.3 778 0 7.1 33
oct.2008 21.5 12.9 766 1.1 7.3 317
73 gre`s de
March.
apr.2008 21.3 13 689 0 7.4 30
oct.2008 21.5 12.4 807 0 7.4 73
S18 82 homog. 55 marne du
Bosq
jun.2010 7.4 13.5 367 0.26 7.5 14
65 marne du
Bosq
apr.2008 7.5 12.8 418 0.48 7.1 21
oct.2008 7.72 12.3 382 0 7.3 86
77 marne du
Bosq
jun.2010 7.4 13.5 360 0.5 7.5 52
6X-46 40 (bl) homog. 35 grey clay apr.2008 8.3 12.9 711 0.6 7.2 27
oct.2008 9.32 12.5 713 0 7.1 304
6X-3 22 homog. 19 sand of St
Vigor
oct.2008 / 12.2 392 2.44 6.3 535
34 CHAPTER 2. AQUIFER CHARACTERIZATION
Table 2.3: Overall description of the wells in Sainteny catchment


















apr.2008 1.84 12.7 650 1.17 7.1 208
oct.2008 2.32 12.85 585 0.45 6.7 334
F2 65 (mou) homog. 55 faluns de
Ble´hou
apr.2008 4.5 12.3 654 0.2 7.0 77
oct.2008 4.8 12.5 658 0 7.1 187
15 ? oct.2008 21.3 12 421 2.55 6.4 470
F1 73.7 58 m 32 faluns de
Ble´hou
apr.2008 2.3 13.5 592 6.82 6.8 186





apr.2008 2.3 12.9 631 0.93 7.0 117
oct.2008 2.88 12.4 628 0 7.2 209
P9 68 / 40 faluns de
Ble´hou
oct.2008 8.05 11.9 524 1.40 7.5 403
P8 22.5(bl) / 20 fine sand
(de St
Vigor?)
oct.2008 4.50 13.2 380 3.14 5.9 395
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2.3.2 Water age
Dating results from CFCs and SF6 analysis, corrected for excess air, are synthesized in Tables 2.4 and
2.5. Ar and Ne results are reported in the Appendix B. The estimated recharge dates are listed in the
last column of the table, with an uncertainty of 2 years.
As a first insight, the waters range between 1955 and 1993, in other words the apparent age is
between 15 and 58 years relative to present.
Main results are:
• The four tracers are in good agreement an support similar ages in most cases.
• In 3 sample CFC113 concentrations are higher than what is normally predicted by equilibra-
tion with the atmosphere (003, S12 and F1 at 30 m). As contamination by pesticides may be
expected, this tracer is not taken into account in the age estimation of these 3 wells.
• There are no significant age differences between Sainteny and Marchesieux catchments. Ap-
parent ages around 1960 are encountered in the two basins.
• The two sampling campaigns give similar ages (in average a difference of 2.6 years) and can
thus be considered as replicates
• Half of the samplings (28 to 77 m depth) result in apparent ages around 1960. These wells show
a homogeneous water column.
• The other samples result in younger ages and a vertical stratigraphy is sometimes present
• Regarding the vertical profiles within the wells, 2 wells (F1 and F2) show an evident ageing
stratigraphy. In contrast, no vertical difference is visible in S14 and 3X-15, which are located
in a discharge zone. S18 shows some small age contrasts, although this well is located in a
recharge or intermediate zone.
Figure 1.1 reports the spatial mapping of the ages, superimposed on a piezometric map (data from
high water levels in may 1999 (CDHAT, 2008)).



















Figure 2.6: Recharge dates (in brackets sampling depths relative to piezometric level and corrected
for altitude) superimposed on the piezometric map
2.3. RESULTS 37





Period CFC 12 CFC11 CFC113 SF6 Estimated age
pptv date pptv date pptv date pptv date
3X-15 9.2 jun. 21.40 1956 16.5 1962 5.5 1969 / / 1962
29.2 apr. 49.2 1962 12.9 1961 15.2 1976 0 < 1975 1962
oct. 18.7 1956 6.2 1957 / / 0.8 1979 1957
44.1 jun. 19.4 1955 5.5 1956 4.8 1968 / / 1956
S15 15.4 apr. 173 1972 117 1975 34 1983 < 1975 1974
oct. 138.2 1971 105.4 1974 / / 0 < 1975 1972
S10 72.6 apr. 32 1958 7.4 1958 15.2 1973 0 <1975 1958
oct. 7.2 1950 5.7 1956 / / 0.4 < 1975 1956
6X-43 30.2 apr. 81 1965 23.7 1964 35.3 1983 0 < 1975 1964
oct. 14.6 1953 11.1 1960 / / 0.5 1976 1960
6X-18 29.4 apr. 129.4 1969 77.2 1971 58 1988 0.5 1976 1976
oct. 238 1976 110 1975 / / 1.1 1982 1976
S14 18.7 apr. 18.1 1954 8.6 1958 26.7 1981 0 < 1975 1958
oct. 39 1960 27.1 1965 30 1982 0.6 1977 1962
51.7 apr. 24.2 1957 8.3 1958 18.2 1978 0.9 1983 1958
oct. 18.7 1956 10.2 1960 / / 0.5 1976 1958
S18 47.5 jun. 71.40 1965 25.9 1964 18.5 1978 0.36 1974 1965
57.5 apr. 15.6 1954 3.7 1955 16.5 1977 0.2 < 1975 1955
oct. 43.8 1962 11.4 1961 / / 0.3 < 1975 1961
69.5 jun. 14.54 1953 9.0 1959 38 1984 / / 1960
6X-46 26.7 apr. 66 1964 23 1964 9.2 1973 0.7 1978 1964
oct. 25.2 1958 11.2 1961 3.3 1966 0.6 1977 1960
6X-3 19 oct. 356.7 1983 204.7 1984 101.9 / 2 1988 1984
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Period CFC 12 CFC11 CFC113 SF6 Estimated age
pptv date pptv date pptv date pptv date
S12 15.1 apr. 305 1979 120.7 1975 26.3 1981 1.2 1982 1980
oct. 321.2 1981 163.7 1980 102 / / / 1980
F2 50.5 apr. 24 1953.5 7 1957.5 12.4 1975 b.d.l. < 1975 1957
oct. 13.4 1953 9.3 1959 / / 0.6 1978 1959
10.2 oct. 533.5 1994 154.4 1978 842 / 0.6 1978 1978
F1 29.7 apr. 366.2 1983 217.1 1985 112.6 / / / 1985
oct. 380.4 1984 196 1983 / / 2.9 1992 1985
62.7 apr. 144.4 1971 81.7 1972 38.4 1984 0.6 1977 1975
oct. 233.3 1975 114.9 1975 28.6 1981 2 1988 1975
P9 32 oct. 15.1 1954 11.9 1960 / / 0.8 1979 1960




Complete results are reported in Appendix A. The two sampling campaigns show similar chemical
concentrations. The average uncertainty on the ionic balance is 2.7 %.
The chemistry of these waters is dominated by Ca2+ and HCO−3 . The pH is near-neutral, with
an average value of 7.0 and a standard deviation of 0.4. SO2−4 are present at concentrations between
7.8 and 40 mg/L, except in the well S10 where it is not detectable. No PO3−4 is present. NO
−
3
concentrations are variable: some wells have no NO−3 while others have around 30 mg/L with a
maximum at 53.6 mg/L.
Organic carbon content is always under the quantification limit (0.41 mg/L). Inorganic carbon
content ranges between 20 and 92 mg/L. One exception is encountered in well P8 where DIC is
only 9.4 mg/L (and pH 5.9), a low value probably related to the sand lithology in this well. Iron is
sometimes present at relatively high concentrations, ranging from 120 to 2680 µg/L. The maximum
value is reached in the well 3X-15 whose diagraphy showed clogging and corrosion traces. These
high concentrations may be related to specific mineralogies iron rich and redox conditions favourable
to Fe2+ mobilisation.
Surface water
Complete data set is reported in Appendix A.
Cl− concentration is markedly constant in the 4 streams (37.6 ± 1.1 mg/L) and thus behaving as
a conservative element. pH is around 7.4 and NO−3 ranges between 1.4 to 7.9 mg/L.
Water types
Results are compiled in a Piper diagram to categorize water types (Figure 2.7). It appears that the
waters are in the ”calcium bicarbonate” type, except for well S10 which has a ”sodium and potassium
carbonate” type (Ca(Na)(K)-HCO3). The stream waters are also within the ”calcium bicarbonate”
type, although the bicarbonate facies is less pronounced. Rain water is within the ”sodium chloride”
type. Three water samples from the wetland (Auterives, 2006)) are also plotted on the Piper diagram.
One sample comes from the saturated zone (ZS), one from the unsaturated zone (ZNS) and a last one
from the unsaturated zone when recharge occurs (ZNS rech.). Water typologies are respectively in
the ”calcium bicarbonate” type, the ”calcium” type and the calcium-(hyper)sulphate” type.





Figure 2.7: Water samples distribution in a Piper diagram
2.4 Discussion
2.4.1 Water dating: a tool to gain knowledge in the hydrological functioning
The interpretation of the water ages has to take into account two major points: (i) what is actually
sampled and (ii) the occurrence of flow water mixing.
The aquifer is locally unconfined (where most of the recharge occurs) or semi-confined for in-
stance in the wetland areas, or confined where clayey layers are important. A conceptual diagram
illustrating the aquifer, with the flow, the hydraulic head network and the isochrones, is reported in
Figure 2.8 (USGS). Some important information can be extracted from this conceptual diagram:
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z is the depth within the aquifer
θ is the effective porosity
R is the annual recharge
L is the total aquifer thickness
Age distribution is independent of the horizontal location within the aquifer.
• the isochrones tighten with depth, in other words age differences with vertical distance are
greater at the top of the aquifer.
• the flow lines tighten from the recharge zone towards the confined zone, meaning that the
horizontal flow velocity increases.
• a water sample which integrates all the flow lines, i.e. a totally screened well where pumping
enhances mixing of all the flow lines, will result in an integrated age which equals the water




Again this time is independent of the horizontal location within the aquifer. In other words,
regardless the place in the catchment, in a homogeneous aquifer, an integrative water sample
has the same age.
• in confined discharge zones, like the right part of Figure 2.8, the oldest flow lines can be inter-
cepted, i.e. the oldest measured ages in a well.
Overall dating overview
In the study, the wells are screened on almost all their length down to the bottom of the aquifer. The
samples collected in the middle of the productive wells are usually aged around 1960. Consequently,
these ages may correspond to the mean residence time within the aquifer. This residence time seems
to be similar in both sub-catchments, probably meaning that the effective porosity is also similar
which agrees with available data providing an effective porosity of 0.25 and a recharge of 0.27 m/year
(Auterives, 2006). Applying the residence time equation, a residence time of 55 years results in an
aquifer thickness around 60 m. Actually, real thickness is variable in space, ranging from around 50
to 100 m. Some samples taken at shallow depth (S15, S12, F2 and P8 sampled around 15 m) provide
more recent ages, ranging from 1974 to 1993. This suggest that the sampling has extracted the upper
flow lines.




























Figure 2.8: Confined aquifer of constant thickness (L) supplied by an unconfined adjacent aquifer
with uniform recharge. The top figure shows the flow lines, the bottom figure shows the isochrones
Vertical temporal stratification
Regarding the vertical temporal stratification, wells 3X-15, S14 and S18 show almost no differences
with depth, although a logical small age increase with depth is observed, but only of about 3 to 5
years, i.e. close to the method uncertainty. S14 and 3X-15 are located in a discharge zone (see Figure
1.1), i.e. in the right hand of Figure 2.8. In this part, older isochrones come up to the surface making
the sampled water, in a fully screened well, a more or less mix of a few old flow lines, which agree
with the measures. S18, however, is located in a recharge or intermediate zone of the aquifer where a
temporal stratigraphy should appear. Probably the investigated depths (from 47.5 to 69.5 m) are not
distant enough to isolate flow lines.
In contrast, F1 and F2 show a temporal stratigraphy: in F1 the age ranges from 1985 to 1975 on
33 m distance; in F2 from 1978 to 1958 on 40 m distance. These results agree with the piezometric
map (see Figure 1.1): F1 is located in a recharge zone (left side of Figure 2.8), while F2 is still located
in a recharge zone but more downwards within the catchment (left side of Figure 2.8).
Mixing evaluation
Evaluation of mixing is usually done by bi-variant graphs. A software developed by the U.S. Geolog-
ical Survey Chlorofluorocarbon Laboratory was used to visualise and compute this mixing (USGS).
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The underlying assumption is a flow network mathematically described as exponential or piston, i.e.
like in Figure 2.8. Figure 2.9 reports the relation between CFC11 and CFC12 for all the samples.
The samples plot more or less within the model, suggesting that the aquifer is indeed behaving as an
”exponential model” or ”piston flow” type. However, several points plot out of the zone limited by
the model. This type of graph is very sensitive to uncertainty: a small error moves the point out of the
model limit. The ”old” samples ageing around 1960 plot close to the graph origin, as the CFCs con-
centrations are low. In addition, these graphs are commonly used to quantify binary mixes between
to water sources. Here, because of the sampling method (largely screened wells) and the low concen-


















Figure 2.9: CFC11 plotted against CFC12 concentrations for all the samples
Synthesis on water dating
Based on all the previous discussed points, a schematic interpretation of the ages is presented in Figure
2.10, based on the conceptual model from Figure 2.8. The wells were placed on the diagram relative
to their location on the piezometric map, i.e. in recharge, intermediate or discharge zones. Note that
because of the hydraulic head lines (Figure 2.8 panel A), vertical flow is expected to preferentially go
downwards in a well, in the recharge zone and do not move or potentially go upwards or downwards
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in the discharge zone. The arrows on Figure 2.10 agree with this theory. This schematic interpretation
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Figure 2.10: Dated samples plotted on a conceptual model : recharge zones agree with the exponential




The groundwater chemistry is dominated by carbonate dissolution, as evidenced by the plot of Ca2+
against HCO−3 (Figure 2.11 panel A): the samples plot on the 1:1 dissolution line except for S10
well (Pearson coefficient is 0.75 when excluding S10). S10 has a ”sodium and potassium carbonate”
type (Ca(Na)(K)-HCO3). This is probably related to the geological formation at this place which is
a offshore clay-rich sandstone formation (Baize, 1998). An overall view of the samples show that
the Ca2+ concentrations show a large concentration range. Although limestone rocks are dominant
in Sainteny relative to Marchesieux, this has no effect on the water chemistry. This suggest that car-
bonate dissolution is largely controlled by CO2 partial pressure (pCO2) (Appelo and Postma, 2005).
From the computed theoretical pCO2 at equilibrium (Table 2.6), it can be noticed that a very large
variation range is observed (0.5 to 4% CO2), which reflects various source mechanisms. The highest
values are probably related to peatland production of CO2.





Peatland 0.006 (ZNS rech) 0.02 (ZNS) 0.04 (ZS)
Groundwater 0.01 0.025 0.06
Cation exchange
A classical way in hydrochemistry to determine if cation exchange is significant, is to plot Na+ against
Cl− and the evapotranspiration (EVT) line related to these two ions (Figure 2.11 panel B). The EVT
line is defined as the line going from rain water (from the 4 rain water samples available on site) to
rain water subjected to 70 % evapotranspiration (this rate was computed by the Penman equation by
Meteo France (Auterives, 2006)). Almost all the samples plot more or less around the EVT line. It
appears that globally Na+ is not involved in cation exchange, and by extension that cation exchange
is not a significant process in this aquifer. However, S10 well is enriched in Na+ (3.3 meq/L), and in
a lesser extend S15 and S14 at 73 m: the lithology data suggests that locally plastic grey clays may
favour cation exchange in these locations (depletion in Ca2+ and enrichment in Na+) (Appelo and
Postma, 2005).
In addition, the graph shows that some samples are significantly enriched in Cl−, relative to the 70
% averaged groundwater recharge rate of evapotranspiration (where Cl− concentration is 0.7 meq/L).
This suggest a Cl− source.
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Groundwater contamination
The presence of NO−3 in some samples is most probably due to contamination by fertilizers. A plot of
NO−3 against Cl
− (Figure 2.11 panel C) highlights that when NO−3 increases, Cl
− increases as well.
This suggests that the previously discussed enrichment in Cl− is also due to agricultural practices,
fertilizers constituting a Cl− source.
Figure 2.11 panel D reports SO2−4 against Cl
− and the EVT line computed as previously: several
samples plot above the line, which suggests an allochton enrichment in SO2−4 . No relation is observed
between NO−3 and SO
2−
4 which suggest that SO
2−
4 is not coming from autotrophic denitrification
which happens in particular when pyrite is present (Tarits et al., 2006) . Important SO2−4 release
is occurring especially when peat is subjected to dessication (further discussed in Chapter 1 in Part
III). Moreover, flow through the peatland towards the aquifer has been observed (further discussed in
























































































Figure 2.11: Binary graphs plotting the groundwater, rain water and stream water samples. Panel A:
Ca2+ against HCO−3 and the dotted line the 1 by 1 equivalence line; Panel B: Na
+ against Cl− and the
dotted line the evapotranspiration line; Panel C: Cl− against NO−3 ; Panel D: Cl
− against SO2−4 and the
dotted line the evapotranspiration line
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2.4.3 Relationships between chemistry and age
A Principal Component Analysis (PCA) was carried out on the groundwater chemical data and the
estimated ages (Figure 2.12). It appears that NO−3 and estimated ages are strongly correlated. As the
data a assumed to follow a normal distribution (data not shown), computed Pearson correlation coef-
ficients are presented in Table 2.7. This coefficient is of +0.91 between NO−3 and estimated ages (see
also the relation in Figure 2.13). As a conclusion, this linear relation clearly points out the fertilising
practices intensification which impact on the groundwater quality started in the early seventies and
linearly increased up to the last available value dated around 1993 where NO−3 concentration was at
53 mg.L−1. In addition, there is evidence that no (or almost no) denitrification occurs. Although a
slight increase in N2O is noticed correlated to the large NO−3 increase, it remains very low and N2 is
not in excess (Figure 2.13 and graph reported in Appendix B).
The PCA and the Pearson correlation coefficients show that not only NO−3 , but also other chemical
elements are affected by the water age. As already discussed before, Cl− correlates well with NO−3
and consequently with ages (r=+0.63). It also appears that older ages are related to higher pH and
higher alkalinity (and with higher conductivity and Fe content), suggesting that globally, the residence
time favours water mineralisation. It can be noticed that age and SO2−4 are not correlated (r=-0.04).
In addition, as the ages were shown to strongly affect the NO−3 concentration, a PCA was also carried
out without NO−3 : the overall trends are maintained and the ”dendogram groups” are only slightly
affected. To conclude, the sample distribution and the dendogram allows distinguishing groups related
to ”young” or ”old” waters (Figure 2.12, Panel B and C). Consequently, the water residence time
affects the overall water chemistry.
Table 2.7: Pearson correlation coefficients between the water age and chemistry. Only coefficients
higher than | 0.40 | are presented, in decreasing order.
NO3 pH Cl F HCO3 Mg EC Fe













Figure 2.12: Scatter of the chemical data and the related estimated ages on the principal component
analysis: Panel A plots the variables on the unit circle, component 1 explains 34% of the variance
and component 2 explains 19 % ; Panel B plots the samples corresponding to the PCA and the groups
based on the dendogram ward discrimination from Panel C.

















































Figure 2.13: NO−3 , N2O et N2 against the water recharge date
2.4. DISCUSSION 51
Conclusion
The dating and chemical analysis were done on two sub-catchements, belonging to the same basin,
with different lithologies resulting in different transmissivities. Sainteny basin is dominated by sand
and limestone while Marchesieux has an inter-layering of clayey marshes, sandy-silty marshes and
sandstone. Sainteny aquifer has a high transmissivity around 0.1 m2.s−1 while in Marchesieux trans-
missivity is approximately 10 times lower.
Fourteen wells were sampled for dating and chemical characterization. Nine wells where sampled
at one depth, while five where sampled at several depths. Vertical multi-parametric profiles, combined
with technical data and dating results, show that most of the samples taken in the middle of the
productive well are dated around 1960. These ages are interpreted rather (1) as mean residence times
in totally screened wells where flow lines easily mix or (2) as old flow lines coming up to the surface,
in discharge zones. No difference in mean residence time is noted between the two catchments,
denoting that effective porosity, recharge (and thickness) controls water time renewal.
Regarding the vertical temporal stratification, some wells show no (or almost no) temporal gra-
dients, while others show younger ages at the top and older at the bottom. Superposition with the
piezometric map (i.e. the recharge, intermediate or discharge zones) shows good agreement with the
dating results. Temporal gradients are found in recharge or unconfined places while homogeneous
water columns are located in discharge zones.
The groundwater has a ”calcium bicarbonate” water type. Cations exchange seems not significant
and the chemical components mainly originate from carbonate dissolution. The water vulnerability
to contamination is evidenced by nitrate and chloride contents. Sulphate concentrations are in excess
relative to rainwater inlet and evapotranspiration. They probably originate from the peatlands where
sulphate release can be important (studied later in this report).
Finally, dating and chemistry data superposition clearly shows that the water residence time affects
the overall water chemistry. Not only nitrate (and chloride) is strongly related to age estimation,




Sensitivity of wetland hydrology to pumping
and climate change
Collaborating team: Antoine Armandine les Landes for modeling support and Pascal Goderniaux
for his helpful support
Introduction
Peatlands or peat meadows are complex ecosystems which functions are driven by many physical,
chemical, and biological processes. Because peat soils can serve as sinks, sources, and transformers
of nutrients and other chemical contaminants, they have a significant impact on water quality and
ecosystem productivity (Holden et al., 2004). Worldwide, lowered water tables, mainly induced by
drainage, are now recognized to be associated with several problems affecting both the physical struc-
ture of the peat as well as water quality. They are also considered as taking part to green house gas
emission (Global Environment Centre).
Wetland drainage developed, especially in the industrial countries, for several centuries. It became
however more effective with the development of agriculture mechanization after the Second World
War. More recently, other anthropogenic constraints have also impacted the wetland hydrology, such
as water extraction in connected aquifers or climate change.
In this context, the restoration of wetland ecosystems gains interest. However, there is crucial
need for a comprehensive understanding of the unique wetland hydrology. The inter-connexions be-
tween surrounding aquifers and surface water networks is particularly necessary to access the wetland
vulnerability. Therefore, modelling this type of systems began to emerge (Wilsnack et al., 2001) (Frei
et al., 2010) (Reeve et al., 2000) (Grapes et al., 2006) (Bradley, 2002) (van Roosmalen et al., 2009)
(Lischeid et al., 2010).
The Cotentin meadow peatlands are of the minerotrophic type : connectivity with the underlying
aquifer is evidenced both by hydrologic fluxes and chemical features (Auterives et al., 2011). This
aquifer is highly transmissive and used for drinking water supply since 1992. The current abstracted
volume is around 5 millions m3 per year, corresponding to 9 % of the recharge. Due to an increasing
demand in good water quality, the authorities plan to increase the groundwater extraction in the near
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Figure 3.1: Sainteny-Marchesieux catchment and samples location
future. In addition, climate change is also expected to impact the wetland.
Consequently, the purpose of this work is threefold: (i) quantifying the connectivity between
the wetland, the aquifer and the surface water network in order to define the vulnerability of these
wetlands to (ii) increasing groundwater extraction and (iii) climate change at the end of this century.
This goal will be accessed by a 3D physically-based modelling approach.
3.1 Basin hydrogeology
The Sainteny-Marchesieux basin extends over approximately 135 km2 and culminates at 30 m (Figure
3.1). Vast wetlands are located in lowlands along rivers and made of peat soils.
The basin geology was studied by Baize (1998) (Baize, 1998): it is a graben, bounded by NE-
SW oriented faults (South limit of the sub-catchment of Marchesieux and separating limit between
Marchesieux and Sainteny in the centrum) and NNW-SSE faults (Figure 3.2). This basin can reach
150 meters depth and lies on Permian pelites. It is limited by impermeable bedrocks: Precambrian
rocks (paleovolcanites, quartzite diorites, sandstones and arkoses) to the South, Trias and Permian
rocks to the East and the North and Paleozoic schist and sandstones to the West (Vernoux et al., 2000)
(Baize, 1998).
Two sub-catchments, which make up two main aquifers, can be distinguished:
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Figure 3.2: Structural diagram of the catchment geology
• Sainteny in the North-West, extending on 35 km2. Dominated by limestones and sandy shell
limestones (Faluns du Blehou) with gross grain size making this rocks very permeable. Maxi-
mum thickness is about 100 meters. Depending on the presence of a clayey bed, the aquifer is
locally confined, semi-confined or unconfined.
• Marchesieux in the South, extending on 100 km2. The geology is more heterogeneous with
an inter-layering of clayey marshes (of Saint Nicolas), clayey-sandy-silty marshes (of the Bosq
d’Aubigny), clayey siltite and finely granulated sandstone (of Marchesieux). The hydraulic
conductivity is approximately 10 times lower than in Sainteny. Thickness is greater with a
maximum around 150 meters. The aquifer is dominantly unconfined.
Finally, sands (of Saint-Vigor) overly the whole geological formations. They are locally completed
by Holocene peats and Quaternary alluvial material.
At present, water extraction is predominantly affecting the sub-catchment of Sainteny, with around
5 millions m3 pumped per year (supplying 90 000 inhabitants). Five pumping wells are used, 3
working since 1992, and 2 since 2002 (see Figure 3.1). The other sub-catchment is only poorly
exploited by one well, with a pumping rate of around 0.14 millions m3/year since 1999. Groundwater
extraction represents approximately 9 % of the recharge.
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These sub-catchments are drained by a dense water surface network. Subsurface flow is globally
from South-west to North-east according to 3 main rivers : the Seves (in the North) which feeds the
wetlands of Baupte, the Holerotte (in the middle) affluent of the Seves and the Taute which feeds the
wetlands in the East (see Figure 3.1). The wetlands are mainly located in peat formations which thick-
ness are commonly between 5 and 15 m (chapter 1). These wetlands are hydrologically connected
with the deeper aquifer.
A peatland (bog type) was exploited in the North of the catchment (Baupte) from the 1950s to
2006 (Figure 3.1). Peat was extracted by lowering the water table. Presently, the intensive peat
extraction results in a hole extending on about 400 ha. The precise topography is not known, but the
average water level in this zone is around - 4.9 m relative to sea level.
Mean annual rainfall and temperature are 923 mm and 11.2 ◦C, respectively (average 1946-2009
Meteo France). Run off was already calculated in a previous study (SOGREAH PRAUD, 2001) by
taking into account the ratio river discharge:precipitation. The resulting average evapotranspiration is
70 % of the precipitation (Auterives et al., 2011).
The land is largely dedicated to agricultural use, with cattle breeding as dominant practice. More
than half of the area is dedicated to meadow and crops (mainly corn). Wetlands (dominantly peat-
lands) cover approximately 30% of the area.
3.2 Modelling
3.2.1 Conceptual model
The Sainteny-Marchesieux hydrological catchment defines the boundaries of the modelled area
(Figure 3.2). More precisely, the boundaries are defined by geological settings, hydrological features
and the topography. Overall, there is no water exchange across the catchment boundaries. However,
based on the piezometric maps, groundwater fluxes through the southern boundary have been taken
into account. Along this border, hydrogeological and hydrographical limits differ, and groundwater
flows northwards towards the basin. The two main streams are considered as the outlets of the catch-
ment in the northern boundary. A topographically controlled drainage is considered to be the largest
component of the total groundwater abstraction in the basin. The water supply pumping wells are
aquifer outlets. They are mainly located in the center of the catchment (5 wells in Sainteny (SYM-
PEC) and 1 well in Marchesieux (SIAEP of Saint Martin d’Aubigny) (Figure 3.1). Finally in the
peatland of Baupte a water level is maintained by pumping at -4.9 m : it constitutes an outlet of the
superficial aquifer.
Inside the catchment, fluxes occur between three compartments: the hydrographic network, the
wetlands and the aquifer.
Consequently, the catchment boundaries are defined as follow (Figure 3.2):
• No flow boundaries (from SOGREAH study (SOGREAH PRAUD, 2001)): geological imper-
vious pelites (B to C; I to J; J to A); impervious faults (E to F; F to G); drainage by streams
and/or wetland areas (A to B; C to D; D to E; H to L)
• Constant head boundaries: inlet zone in the south (G to H) with a head deduced from the
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piezometric maps and fixed at 12.5 m; the peatland of Baupte where the water level is fixed at
a certain height (-4.9 m on average).
• Drainage boundary: applied on the whole first layer and active when the water level reaches
the topographical surface. The drains conductance (=DX*DY*SCOND with DX and DY the
cell lengths in the X and Y directions and SCOND the conductance per unit surface) is largely
higher than the layer permeability in order not to limit the drainage, which allows to the model
to freely determine the drainage areas (wetlands and streams)
3.2.2 Mathematical and numerical model
MODFLOW
The Sainteny-Marchesieux basin hydrological model has been computed with the Visual MODFLOW
3D block-centred finite-difference model (McDonald and Harbaugh, 1988). The spatially-distributed
model simulates 3D fully-saturated groundwater flow in porous anisotropic and heterogeneous media.
Permanent or transient flow as well as confined or unconfined aquifers can be modelled.
Visual MODFLOW simulates the dynamic interactions between all sub-domains at each time
step. It separates rainfall into components such as evapotranspiration, runoff and infiltration. The
model also allows the calculation of water infiltration or exfiltration between vertical sub-domains
(e.g. wetland and aquifer). These interactions are of great interest in the context of climate change as
recharge is very sensitive to climatic variations and represents a crucial element for impact projections.























• Kx,y,z are values of hydraulic conductivity along the x, y, and z coordinate axes, which are
assumed to be parallel to the major axes of hydraulic conductivity (L/T);
• h is the potentiometric head (L);
• W is a volumetric flux per unit volume representing sources and/or sinks of water, with W
negative for flow out of the ground-water system, and W positive for flow in (T-1);
• Ss is the specific storage of the porous material (L-1);
• t is time (T).
The numerical model solves this equation at every cell node, by using finite difference approxi-
mations (McDonald and Harbaugh, 1988).
Input files for MODFLOW were created using the ArcGIS geographic information system soft-
ware. Moreover ArcGIS was used to exploit the output data of MODFLOW, especially to generate
illustrative maps.








Figure 3.3: Spatial discretisation of the lithologies within the first layer (A) and the aquifer (B)
Discretisation
A three-dimensional finite element mesh, composed of 6 layers, was generated based on the con-
ceptual model previously presented. Each layer has 16670 cells which size is 90x90 m. The top of
the first layer represents the soil surface (the topography) generated form a the DTM (Digital Terrain
Model), whose resolution is 25x25 m. This first layer (shallow aquifer) is 10 m in thickness and the
bottom corresponds to the top of the aquifer. Within this layer, two lithologies are defined: peat and
sands (Figure 3.3, panel A). The aquifer is sub-divided in 5 layers to keep a proportionality with the
first layer thickness (Anderson and Cheng, 1993) (Wilsnack et al., 2001). The depth of the aquifer is
variable depending on the drilling data (impervious Permian substrate) within the basin. Within the
aquifer, 4 geological formations are defined: limestones and sandy shell limestones (of Blehou and




Specified hydrological fluxes within the catchment consist of recharge and groundwater abstraction
by pumping wells. Historical climatic data are available for two weather stations located inside or
near the basin (Figure 3.1). The stations have complete precipitation (P) and temperature (T) time
series from 1946 to 2010. Potential evapotranspiration (PET) data, for the same time period, are
calculated by Meteo France by the Penman method. Precipitation and PET data are distributed using
Thiessen polygons. Groundwater volumes extracted from the production wells have been collected
from the water supply companies and are updated annually since 1992.
Calibration
The model was calibrated to reproduce (1) observed aquifer hydraulic heads, (2) spatial distribution
and total surface of the wetlands and (3) stream flow rates. Calibration was performed under steady
state conditions, using the mean data of a particularly humid year (1999-2000) and a particularly
dry year (2003-2004). A preliminary calibration was used to take into account the extension and
the distribution of the geological units and to adjust the depth. The calibration was performed by
PEST software coupled to MODFLOW. Hydraulic conductivities are adjusted automatically, during
calibration, around ranges provided by tests conducted in the geologic formations given by previous
studies (SOGREAH PRAUD, 2001) (Auterives et al., 2011). The model validation was made with
another set of data from 2006-2007.
1. The aquifer hydraulic heads are considered the most reliable data, therefore residuals can be
calculated. Residuals represent the match of the simulated values to the observations (year
averaged hydraulic heads). We assumed a satisfactory calibration when residuals were between
+1 and -1.
2. The occurrence of a wetland is considered in two ways, ranging from a more restrictive to a
less restrictive definition: when the water level is between 0 et -0.5 m or 0 and -1 m. The later
takes into account that a shallow water level, rather than flooding, can also be considered as a
wetland. The surface area obtained in these two ways is compared to the cartographic wetland
extend.
3. Finally, the volume of drained water is compared to the difference between inlet (Seves, Holerotte
and Taute) and outlet (Seves and Taute) from the main streams which gauging stations are lo-
cated in Figure 2.1. The goal is to reach the same range of values.
A sensitivity analysis is made to highlight the processes and parameters which highly impact the
results. The sensitivity of a parameter is calculated as the percentage of variation (10, 20 or 50 %)
normalized to the parameter value.
Calibration results The hydraulic conductivities resulting from the calibration procedure are syn-
thesized in Table 3.1. The residuals for each well, from the calibration procedure, are illustrated in
Figure 3.4. As a general overview, they are slightly over-estimated in wet periods (1999-2000) and
under-estimated in dry periods (2003-2004). However they are distributed along the x axe (residual=
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Table 3.1: Full saturated hydraulic conductivities values (m.s−1) resulting from the calibration
Kxy Kz
Layer 1 Sands 1.10−6 1.10−6
Peat 8.10−7 7.10−8
Layer 2, 3, 4, 5, 6 Limestone (Faluns) 8.10−3 8.10−3
Sandstone 8.10−4 8.10−4
Marshes of Saint Nicolas 5.5 .10−6 5.5 .10−6
Marshes of Aubigny 2.10−5 2.10−5
0) and range between +1 and −1 which is considered as satisfactory. Two points (M and P18) do not
meet this condition in the extreme periods, but are satisfactory for the validation period (2006-2007).
The simulation from the validation year gives a wetland area of 27 % (0 to −0.5 m) and 30 % (0
to −1 m) and a volume of drained water of 3.107m3/year. The model is considered satisfactory.
The results from the sensitivity analysis are illustrated in Figure 3.5, for 4 model outputs. Each
model input (parameters) are classified from the most sensitive to the less sensitive, e.g. their variation
will significantly impact the model results. The most impacting parameters are the recharge and the
hydraulic conductivity of the peat, while the less impacting are the hydraulic conductivities of the
marshes and limestones and the drains conductance. Finally, the most sensitive output from the model
is the volume of drained water (y axis is the highest).
Scenarios
The aim of the model is to predict the impact of groundwater extraction and climate change on the
catchment, with a focus on the wetland water levels.
A reference model representing the present state is compared to the simulated scenarios. In the
reference model, ETP is calculated with Thornthwaite equation from precipitation data from 1951 to
1981, on a monthly time step. The average recharge ends at 239 mm. Extracted groundwater volumes
are fixed at 5 Mm3 (current volumes).
Groundwater extraction 3 scenarios are simulated:
• scenario 1: no pumping
• scenario 2: doubled extracted volumes relative to current volumes, on the 6 current wells
• scenario 3: the 6 wells maintain the same extracted volumes as present + 2 new wells located
in the Marchesieux sub-catchment close to Marchesieux and Saint George de Bohon localities
(Figure 3.1). Total extracted volume is doubled. This scenario is inspired by new extraction























Figure 3.4: Residuals on the aquifer hydraulic heads, resulting from the calibration procedure
Climate change Regional Climate Model (RCM) output from the European Union Fifth Frame-
work Programme (FP5) PRUDENCE project (Prediction of Regional scenarios and Uncertainties for
Defining EuropeaN Climate change risks and Effects) (Christensen et al., 2007) was used. These
dynamic climate models provide a series of high-resolution simulations of European climate for a
control simulation (1961-1990) and for a future time period (2071-2100). The RMC is an average of
21 models derived from the A1B IPCC (Intergovernmental Panel on Climate Change) green house
gas emission scenario. This medium-high scenario agrees with the recent observed increases in atmo-
spheric carbon dioxide concentrations, in accordance with projections from high emission scenarios
(Rahmstorf et al., 2007).
This scenario predicts an increase of 2.5◦C at the end of this century (resulting in an increase of
the ETP) and precipitation variations of ±5%. In this work, 3 scenarios are simulated:
• scenario A: increase of 2.5◦C and precipitation increase of 5% (results in a recharge decrease
of - 8 %)
• scenario B: increase of 2.5◦C and no change in precipitation (results in a recharge decrease of -
24 %)
• scenario C: increase of 2.5◦C and precipitation decrease of 5% (results in a recharge decrease
of - 40 %)

























Figure 3.5: Results from the sensitivity analysis on 4 model outputs
All these scenarios result in a recharge decrease. Further, the climate change simulations will be
coupled to the groundwater extraction scenarios 2 and 3.
3.3 Results
3.3.1 Current water budget
The modelling results on the reference model are synthesized in Figure 3.6, by illustrating the flows
between compartments. Upward flow from the aquifer to the wetland is highly dominant relative to
the reverse flow, supporting the fact that the wetlands behave as discharge zones.
3.3.2 Model result for groundwater extraction
Model results for the extraction scenarios are compared to the reference model (present conditions)
and focus on (1) the water level changes in the first layer (2) the surface of wetlands and (3) the













Figure 3.6: The reference model: upward and downward flow between the aquifer and the wetland
and drained water by the draining network
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Figure 3.7 illustrates the water level changes in the first layer, relative to the reference model.
Main results are:
• As expected, without pumping, the water level in the wetlands from the North is increased,
globally between 25 and 40 cm (scenario 1). The water levels in the South are not affected,
except in local zones where small increases are observed (up to 15 cm).
• If the extraction rate of the current pumping wells is doubled, the Northern wetland water levels
are decreased by about 35 to 50 cm (scenario 2). The South is not affected, except in lowland
areas where a decrease up to 10 cm is observed.
• If the total extraction rate is doubled by 2 new wells in the Marchesieux sub-catchment, the
Northern wetlands are still affected by a water level lowering of about 20 cm. The Southern
wetlands are also affected, but lowering is localized in the wetland borders (up to 30 cm) while
the inside wetland is not affected.
• The uncoloured grey zones correspond to dry model cells : important new dry surfaces are
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The wetland surfaces resulting from the 3 simulations are presented in Table 3.2. These results
agree with the water level changes described previously: the most impacting scenario is again an
increasing extraction from the present pumped area (scenario 2). The model predicts a decrease in
wetland surface of 4.05 km2 where the water level lowers under 50 cm relative to the surface. In the
scenario without pumping (scenario 1), a wetland gain of 1.35 km2 (0 to −0.5 m) is simulated. In
contrast, scenario 3 with the 2 new wells, has no effect on surface wetland when the ”0 to −0.5 m”
definition is used.
Table 3.2: Surface of wetlands resulting from the 3 pumping scenarios (in % ) and change in surface
relative to the reference model (km2). Two wetland definitions are taken into account (water level
between 0 and −0.5 m and water level between 0 and −1 m) as explained previously
—Wetland surface— Wetland surface—
0 to −0.5 m 0 to −1 m
% km2 % km2
Scenario 1 (no pumping) 26 1.35 30 2.7
Reference (current pumping) 25 / 28 /
Scenario 2 (current pumping doubled) 22 −4.05 27 −1.35
Scenario 3 (current pumping+ 2 new wells = Q doubled) 25 0 27 −1.35
The impact of the scenarios on the changes in fluxes between compartments (aquifer/wetland/drained
water (streams)) is synthesised in Figure 3.8. The two sub-catchments are taken apart. As a general
behaviour, the fluxes are mainly upward (from aquifer to wetland). Increased pumping (scenarios 2
and 3) enhances downward fluxes and decreases upward fluxes. Pumping also impacts the volume
of drained water, especially in the wetland drained by the Seves. The model predicts that scenario 2
decreases current stream water by 41 %! The model also highlights that the current groundwater ex-
traction has already an impact on the volumes of water drained by the Seves: before the exploitation,
the Seves may have drained 37 % more water.
3.3.3 Model result for climate change
The model simulations predict the possible changes in the hydrologic regime at the end of the century
(2080 to 2099). Again, results are compared to the reference model (current conditions) and focus on
(1) the water level changes in the first layer (2) the surface of wetlands and (3) the changes in water
fluxes between compartments.
Figure 3.9 illustrates the water level changes in the first layer, relative to the reference model. Note
that the systematic large lowering in the centre of the catchment (orange to red colours) is attributed








































Figure 3.8: Groundwater extraction scenarios: upward and downward changes in the vertical fluxes
relative to the reference model
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Main results are:
• in scenario A (T and P increase), no changes are observed in almost half of the catchment
surface, but the water level in the Seves wetland is decreased by around 20 cm. The Taute
wetland is not impacted.
• in scenario B (T increase, P unchanged), the model predicts important changes, notably in
the Seves wetland where the water levels are decreased by 50 to 70 cm. The recharge areas
(West/South) at higher topographies, are also impacted by about - 20 cm. The Taute wetland is
again almost not impacted.
• in scenario C (T increase, P decrease), the trends observed in scenario B are enhanced: all the
catchment is highly impacted, except the Taute wetland which is only impacted locally and
along the borders. The water level decrease in the Seves wetland is around 1 m, while the
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The wetland surfaces resulting from the 3 simulations are presented in Table 3.3. These results
agree with the water level changes described previously: the most impacting scenario is again C.
The model predicts a decrease in wetland surface of 12.1 km2 where the water level lowers b 50 cm
relative to the surface. Even the most ”favourable” scenario A predicts a surface decrease of 6.75
km2, which is already more than the most ”unfavourable” groundwater extraction scenario from the
previous simulations (Table 3.2).
Table 3.3: Surface of wetlands resulting from the 3 climate change scenarios (in % ) and change in
surface relative to the reference model (km2). Two wetland definitions are taken into account (water
level between 0 and −0.5 m and water level between 0 and −1 m) as explained previously
—Wetland surface— Wetland surface—
0 to −0.5 m 0 to −1 m
% km2 % km2
Reference (current climate and pumping) 25 / 28 /
Scenario A (T and P increase) 21 −6.75 27 −1.35
Scenario B (T increase) 19 −9.45 24 −5.4
Scenario C (T increase, P decrease) 17 −12.15 21 −9.45
The impact of the scenarios on the changes in fluxes between compartments (aquifer/wetland/drained
water (streams)), is synthesised in Figure 3.10. The two sub-catchments are taken apart. As a general
behaviour, the fluxes are mainly upward (from aquifer to wetland). All the climate change scenarios
predict a decrease in upward and downward fluxes (increasing groundwater extraction predicted an
increase in downward fluxes). Although the decreasing rates are important in both catchments, the
Taute upward fluxes are more impacted than those in the Seves: scenario C predicts a decrease of
32 % and 14 % respectively. In contrast, the Seves draining water volume is decreasing significantly
more than the Taute: scenario C predicts a decrease of 82 % and 36 % respectively.
3.3.4 Model result for the combined effect of groundwater extraction and cli-
mate change
Figure 3.11 illustrates the water level changes in the first layer, relative to the reference model (present
pumping) for 3 scenarios: Scenario B1: T increase of 2.5 ◦C and present pumping; scenario B2: T
increase of 2.5◦C and current pumping rates doubled (Q X 2); scenario B3: T increase of 2.5◦C and
current pumping wells and rates (Q) maintained, but in addition water is extracted from 2 new wells,
each extracting Q/2. Notice that the systematic large lowering in the centre of the catchment (orange
to red colours) is attributed to a bad calibration on the well ”M”, which residuals are not satisfactory
(see chapter 3.2.2).
The previously described effects of groundwater extraction and climate change are added up. In
the Seves wetland, scenario B2 results in a widely decrease of the water level by 100 to 150 cm.
Scenario B3 maintains a water level lowering of about 70 to 100 cm in the Seves, while the Taute





























Figure 3.10: Climate change scenarios: upward and downward changes in the vertical fluxes relative
to the reference site




























































































































































































































































































According to the goals of this study, the available data and the basin scale, this steady-state and
physically-based model approach is well adapted to the problematic. Classical wetland modelling
takes into account an integrated surface-subsurface hydrological model, the unsaturated zone char-
acteristics like vegetation and peat soil heterogeneity (Wilsnack et al., 2001) (Reeve et al., 2000).
In contrast, our model is conceptually simple: it mainly takes into account the interactions between
the wetland and the aquifer (which is well defined), the topography and the draining boundary. This
draining boundary, applied on the whole first layer and active when the water level reaches the to-
pographical surface, allows the model to freely determine the drainage areas. The calibration results
show that the model is able to satisfactory simulate the annual variations in groundwater levels. In ad-
dition, the model predicts realistic wetland extends. The major uncertainty is on the volume of drained
water but the error is difficult to estimate because of the partial stream discharge data available, which
makes the river conductance calibration difficult.
3.4.2 Groundwater extraction and climate change scenarios
Groundwater extraction scenarios
The groundwater extraction scenarios were aimed to evaluate the sensitivity of the wetlands to future
increasing demand. The two pumping simulations are inspired from realistic scenarios of future
exploitation. The scenario without pumping simulates the original conditions before pumping started
in 1992. It shows that the present pumping has lowered the Seves wetland water level by 25 to 40
cm, resulting from a 7 % decrease in vertical upward fluxes (from aquifer to wetland) and a decrease
in the aquifer water level by 50 cm. As a general behaviour, the pumping decreases upward fluxes
and increases downward fluxes. In addition to these changes in volumes of water transferred from
one compartment to another, water and peat chemistry may be affected. Indeed, enhanced downward
fluxes will bring different water qualities, and notably more oxygen, in deeper peat layers. The peat
structure (e.g. mineralisation processes) as well as the catchment water quality may be affected. These
hydrobiochemical impacts are the purpose of the next Part of this thesis report.
In order to limit the environmental impact, the pumping scenarios tend to favour the scenario
including new extraction wells in the Marchesieux sub-catchment. Indeed, although this hydrological
basin is less permeable (lower aquifer capacity), a similar water volume extracted (relative to present
Sainteny extraction) results in a limited wetland water level lowering (see Figure 3.7). This lowering
may almost affect the Taute wetland, only along its borders by around -10 cm, while the Seves wetland
will be affected by a general lowering around 10 cm. On the other hand, the model predicts that a
doubling of the extracted volumes in the Sainteny catchment, where exploitation is already important,
will dramatically affect the wetland by a general lowering of about 40 to 50 cm.
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Climate change scenarios
As stated in chapter 3.2.2, adopting a multi-model approach for the climate scenarios allows the
uncertainty derived from climate model selection to be incorporated into the assessment of the impacts
of climate change on the Sainteny-Marchesieux catchment.
Only projections using the SRES A1B emissions (medium scenario) are examined, thus uncer-
tainty in future emissions is not addressed in this study. However, recent observed increases in atmo-
spheric carbon dioxide concentrations agree with projections from high emissions scenarios (Rahm-
storf et al., 2007) and significant divergence in green-house gas concentrations between scenarios in
the second half of the 21st century are highlighted. This research field evolved rapidly these last years
and a good perspective to this work would be to re-adapt our model to up to date new IPCC scenarios.
The 3 climate change scenarios predict a decrease in recharge from - 8 to -40% (from scenario A
to C) resulting in water level decreases from 20 to 100 cm in the Seves wetland and stream discharge
decreases from 20 to 82 %. As already noticed in the groundwater extraction scenarios, the Seves
wetland is much more sensitive than the Taute wetland. The total Seves wetland surface is predicted
to decrease by 5 to 9 %.
At long time scale (end of the century), the model shows clearly that climate change impact on
the wetland water levels is much higher than the groundwater extraction projections. However, this
must not lead to under-estimate the impact of increasing groundwater demand. The two processes are
adding up and at short term (tens of years), groundwater extraction will be the first impacting process.
3.4.3 Model sensitivity and perspectives
It has been demonstrated that recharge is highly affected by climate change and is a very impacting
contributor to the water balance. Therefore, a better knowledge on the recharge value and correspond-
ing uncertainties is necessary. In addition, other parameters significantly impacted the hydrological
modelling, and notably the hydraulic conductivity of the peat. Gain in knowledge on this parameter
should improve the model. Finally more field data are needed to improve the model. E.g. less data
are available in the Marchesieux sub-catchment : more distributed wells and a better knowledge of
the geology should improve the model predictions in this area. In addition, more stream gauging are
also necessary to better constrain the volume of drained water within the catchment. The possibility
to move to a transient simulation to capture seasonal variations, which are also important in climate
change scenarios (wetter winters and dryer summers are excepted), depends on the available data to
satisfactory calibrate the model. In particular, no general water level monitoring, in time and space,
is available in the wetlands, which should be needed for transient simulations.
Conclusion
The present simulation aimed to analyse the wetland sensitivity to groundwater extraction and climate
change.
The constructed physically-based model works in a permanent regime and is based on saturated
hydraulics, using the software Visual MODFLOW combined to ArcGis as a mapping tool. The con-
ceptual model distinguishes a first layer made of peat or sands (finely spatially defined) and imple-
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mented with the topography, and an underlying deep aquifer. This aquifer is exploited for drinking
water supply, and therefore significant knowledge is available about the catchment geology, hydraulics
and piezometry (from 1992 or 1995 to 2010). As drainage in this widely extended wetlands along the
streams, is considered to be the largest component of the total groundwater abstraction, an original
topographically controlled drainage boundary was used. This boundary allows to the model to freely
determine the drainage areas. The model calibration was considered successful and simulates well
the interactions between the wetland and the aquifer. The model highlights that upward fluxes (from
aquifer to wetland) are indeed highly dominant. The sensitivity analysis points out the recharge as a
very impacting contributor to the water balance and thus to the simulation results. Classical wetland
modelling takes into account an integrated surface-subsurface hydrological model, the unsaturated
zone characteristics like vegetation and peat soil heterogeneity. In contrast, our model is conceptually
simple: it mainly takes into account the interactions between the wetland and the aquifer (which is
well defined), the topography and the tographically-controled draining boundary. According to the
goals of this study, this simplified approach is well adapted.
Simulations on groundwater extraction shows that the current exploitation has already a significant
impact on the wetlands, the Seves wetland may have lowered by 25 to 40 cm. Future projects should
favour groundwater extraction in the Marchesieux sub-catchment, as the other already exploited sub-
catchment of Sainteny is more sensitive to wetland water level lowering.
Simulations on climate change, using the medium scenario A1B from the IPCC, show that the
wetland water levels may be highly impacted by the end of this century, directly related to the resulting
decrease in aquifer recharge. Nevertheless, the Seves wetland is again more impacted than the Taute
wetland.
At long time scale (end of the century), the model shows clearly that climate change impact on
the wetland water levels, is much higher than the groundwater extraction projections. However, this
must not lead to under-estimate the impact of increasing groundwater demand. The two processes








Peatlands or peat meadows are complex ecosystems whose functions are driven by many physical,
chemical, and biological processes. Because peat soils can serve as sinks, sources, and transformers
of nutrients and other chemical contaminants, they have a significant impact on water quality and
ecosystem productivity. Worldwide, lowered water tables, mainly induced by drainage, are now rec-
ognized to be associated with several problems affecting both the physical structure of the peat as
well as water quality. As peat aeration increases, its decomposition is enhanced by aerobic bacterial
processes which are approximately 50 times faster than under anaerobic conditions (Holden et al.,
2004). A visible impact is subsidence causing bulk density to increase in the upper layer within a few
years of water table lowering (Silins and Rothwell, 1998). Oxygen also enhances the mineralization
of nutrients, particularly the carbon-bound nitrogen and sulphur. The top meter of peat soils can con-
tain as much as 20 t nitrogen (N), 10 t sulphur (S) and 500 t of carbon (C) (Miller et al., 1996). Even
an increase in mineralization of 1% yr−1 has the potential to generate large losses of these elements.
In addition, water table lowering usually increases the leaching of Ca, Mg and K (Sundstro¨m, 2000)
(Miller et al., 1996) (Kortelainen et al., 2006) as well as NH4 (Holden et al., 2004). The hydrological
anthropogenic impacts induced by drainage, pumping and climate change have been studied in the
first Part of this report. They highlight a change in flows between the hydrological compartments
and a decrease in wetland levels. The changed fluxes between compartments modify the respective
water sources contributing to the wetland recharge. For example, the surface water or rain water
contribution may increase while groundwater contribution may decrease. The water level lowering,
depending on its intensity, may rather increase the desaturation period of the upper peat layer, or
evolve to a perennial drying out leading to desiccation. These changes are expected to impact the
wetland biochemical functioning. In addition, a comparative study between two peatlands (La Berg-
erie, close to a pumping station, and Le Marais) was carried out in 2003-2005 (Auterives, 2006).
Downwards flows from the surface towards the aquifer appeared to be enhanced in the vicinity of
an extraction well penetrating the aquifer, compared to areas outside the well drawn-down perimeter.
The stream seepage towards the wetland was also increased. Consequently the peat is subjected to
more oxygenated conditions throughout the year. Based on these results, we investigated in Part II
the influence of the water level fluctuations on biochemical processes in the peatlands. This Part
II focuses on the biochemical processes in peat pore water in non extreme conditions, by com-
paring a dynamic fluctuating water table to stagnant conditions in laboratory experiments. Two
fluctuating conditions (3 days and 9 days cycles) of desaturation/rewetting are tested. Two peat types
from La Bergerie (pumping station) and Le Marais are investigated. This site comparison provides a
temporal perspective of the anthropogenic effects.
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The first Chapter describes the Materials and Methods used and the peat physico-chemical char-
acterization. The second Chapter focuses on the sulphate and dissolved organic carbon behaviour
in response to the alternating aerobic/anaerobic conditions in peat samples from La Bergerie and Le
Marais sites. The third Chapter investigates the overall impact of dynamic fluctuations relative to
stable conditions on nutrients cycling to determine the potential impacts of each water table regime.
Chapter 1
Laboratory experiment: materials and
methods and peat characterization
Collaboration team: Jean-Pierre Caudal, fabulous multifunctional engineer I worked with to build
up these experiments. We had the ambition to make a fully automatic, repeatable designed ex-
periment. Thanks to Jean-Pierre to have initiated me to electronics, computer tricks, machin-
ing pieces... and brain-storming about the best way to saturate peat! For peat characterization:
thanks to Nathalie Josselin-Le Bris and Marie-Paule Briand (from the Ecobio team) and Martine
Bouhnik-Le Coz (from Geosciences) for analytical support.
Two laboratory experiments were conducted, both with cores from La Bergerie and Le Marais
(Figure 1.1). A full hydrological monitoring was conducted in these sites in a previous field study. La
Bergerie is adjacent to a pumping well, which was shown to increase the downward fluxes through
the peat profile (Auterives et al., 2011). This peat is thus subjected to more oxygenated conditions
throughout the year. Le Marais is considered as a relatively undisturbed site.
The first experiment uses cores directly sampled from the field with their original moisture content
(around 80 %). This experiment is reported in this Part II. The second experiment uses cores sampled
in the same conditions as the first experiment, but stored in the laboratory for 5 months before the
experiment (moisture content around 60 %). This experiment is reported in Part III Chapter 1.
1.1 Site description
The study area consists of a peaty meadow belonging to a wetland complex, located in the Cotentin
Marshes in Normandy (49◦18’20”N, 1◦14’34”W). The plant communities are dominated by Dactylus
glomerata L., Holcus lanatus L., Agrostis stolonifera L., Festuca arundinacea S. and F., Carex spp.
and Juncus effusus L.(Bouillon-Launay, 1992). Mean annual rainfall and temperature were 923 mm
and 11.2 ◦C, respectively (average 1946-2009, from Meteo France (Meteo France, 2011)). The peat-
land has developed on top of a clay bed (1.5 - 6 m tick) which is supported by rocks rich in sand and
limestone which constitute a 80 m thick aquifer. Peat accumulation in the investigated area is between
5 and 12 meters. This widely extended wetland has undergone numerous disturbances. In the XVIII
century the wetland was flooded 9 months per year (Bouillon-Launay, 1992). Since 1712 a human
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Figure 1.1: The two investigated sites: Le Marais is the reference site, La Bergerie is in the pumping
well draw-down perimeter. Modified from (Auterives, 2006)
.
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controlled drainage system was gradually installed. It presently consists of a network of channels and
ditches in which the water level is set low in spring to minimize flooding and high at the end of the
summer to act as wet-fencing. Since the 1950s, due to agricultural constraints, the flooding season
has decreased to only 3 months on average. The top peat profile is thus subjected to longer periods of
dessication. This wetland is connected with an underlying aquifer and the wetland behaves globally
as a discharge zone from the aquifer (Auterives et al., 2011). But this does not exclude more local
reversed flows between the deeper and surface aquifers. Localized seepage from the wetland to the
aquifer have been observed in particularly dry years (Auterives et al., 2011). Moreover, reversed flow
appears to be enhanced in the vicinity of an extraction well penetrating the aquifer, relative to areas
outside the well drawn-down perimeter. Based on these results, the area of investigation focuses on
two small plots of land within the peatland, separated by 1.5 km: Le Marais and La Bergerie. La
Bergerie is adjacent to the pumping well, which was shown to increase the downward fluxes through
the peat profile (Auterives et al., 2011). This peat is thus subjected to more oxygenated conditions
throughout the year. Le Marais is considered as a relatively undisturbed site.
1.2 Peat cores
Samples where collected when relatively dry conditions were favourable for core collection. At
this time the water level was at 65 cm and 75 cm below soil surface for Le Marais and La Bergerie
respectively. Peat cores were collected at randomly selected plots on a 10 x 10 meters area, in the
unsaturated zone, a few centimetres above the water table. This sampling layer is chosen because it
is in the zone of water table fluctuation, i.e. this peat is saturated in winter time. Replicated samples
were obtained directly into push cores (10 cm diameter, 30 cm height) that were further used in
the experiments (see Figure 1.2). Caution was taken to minimize the disturbance of layers during
collection and storage. The peat cores were thus bulk samples, preserving the field structure. The
cores were put in polyethylene bags and returned to the laboratory within 6 hours.
The pH of the water samples from the below water table were measured on site with a Consort
electrode C533.
Peat material was characterized initially, after sampling, for bulk density, soil moisture, Van Post
index, total C, N, S and O content, mineral content expressed as the total cation content and microbial
and active biomass: methods and results are reported in Section 1.5.
Microbial and active biomass are again analysed after the 5 months drying and at the end of the
45 days experiment in each core, by sampling a layer of peat 2 cm in thickness at the 3 heights of
investigation (top, middle, bottom).
1.3 Draining-rewetting experiment
Two experiments were conducted where peat samples from the two sites (Le Marais and La Berg-
erie) were subjected to varying time periods of water saturation. The water used in the rewetting
experiment was collected from the observation well at La Bergerie site at 40 meters depth (see Figure
1.1). The composition of this groundwater is presented in Table 1.1. This source of water was chosen
because (i) it is a natural water contributing to the wetland recharge (ii) the water quality is stable
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Figure 1.2: Core collection in the field, directly into push cores 10 cm diameter and 30 cm height
in time and can be re-used for several experiments (iii) this water has a relatively high hardness and
around neutral pH which strongly differs from the peat water chemistry. The goal was to enhance the
chemical processes (e.g. leaching or buffering processes) in order to make them easily visible as well
as to highlight potential differences between the two peats.
Intact peat monoliths were sampled using PVC cores (30 cm height, 10 cm diameter). The exper-
iment lasted 45 days. Figure 1.3 illustrates the column design. Water was sampled at three heights
along the core by use of soil moisture samplers (Rhizon 19.21 from Eijkelkamp), reflecting the pore
water characteristics at specific heights. Water was filtered at 0.10 µm directly through the mois-
ture samplers. Drained water from the whole column was also analysed. Air-tight lids allowed for
punctual incubation of the cores for measurement of CO2. Depending on the experiment, several
treatments were tested (Figure 1.4). Common to the two experiments :(1) a dry case, where no rewet-
ting occurred throughout the experiment (2) a permanently saturated case, where the core was kept
saturated during 45 days (3) a drained-rewetted cycle on a 9 day frequency. In addition, the first
experiment tested a draining-rewetting cycle on a 3 day frequency. A temperature-controlled dark
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Table 1.1: Chemistry of the water used in the core experiments. Concentrations are in mg.L−1
pH 7.5 Ca2+ 76.0














Figure 1.3: Column design: water inlet is from the bottom by help of a pump, pore water is sampled
to micro-porous samplers, a reversible cap allows punctual incubation to analyse CO2 production.
room was used for the experiments. The temperature was set to 15 ◦C in order to speed up the rate
of nutrient mobilization. It is somewhat higher than the average field temperature (around 12 ◦C) but
still within the field range. The water inlet and outlet were located at the bottom of the cores (see
Figure 1.6) to reproduce the field water level rise or drop and to fully saturate the peat pores. Inlet
and outlet were controlled automatically by peristaltic pumps so that all cores underwent the same
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hydraulic constraints both between cores and between each draining-rewetting cycles on a single core
(Figure 1.5). Water tanks preserved from contact with the atmosphere were connected to the cores
randomly distributed in the dark room. The automated design imposed a 5 seconds time step allowing
water to enter (or exit) a core, one core at a time. Depending on the cores porosity and composition,
rewetting (or draining) took approximately 2 hours. The vertical structure of the peat in the field
was preserved, resulting in a certain degree of heterogeneity between cores. These differences are
especially reflected in the effective porosity, measured by the volume of water needed to saturate (or
empty) each core.
Water loss by evaporation or punctual water sampling resulted in a drop of the water level in the
cores, especially for the permanently saturated treatment. To counteract this effect which otherwise
would result in the desiccation of the top layer, water was allowed to enter the column (always by the
bottom) at regular intervals.























Figure 1.4: Diagram representing the experimental setup a) the cores are saturated for 3 days then
drained for 3 days (first experiment) b) the cores are saturated for 9 days then drained for 9 days c)
the cores are saturated for 45 days d) the cores are kept dry. The black crosses indicate where the
water samples were taken at the 3 levels in the core and in the drained water.
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Figure 1.5: Picture of the column experiment







Figure 1.6: Details on the design of the column
90 CHAPTER 1. LABORATORY EXPERIMENT AND PEAT CHARACTERIZATION
1.4 Peat pore water chemistry
The pH was measured with a combined Mettler InLab electrode after a calibration performed with
WTW standard solutions (pH 4.01 and 7.00 at 25 ◦C). The accuracy of the pH measurement is 0.05
pH units. The electrical conductivity (EC) was measured by a Consort electrode C533 which accu-
racy is of 0.01 µ S/cm. The redox potential (Eh) was measured by a Mettler Platinium 4805 electrode
which accuracy is 1 mV. Dissolved organic carbon was analysed with a Total Organic Carbon anal-
yser (Shimadzu TOC-5050A). The accuracy of DOC measurement was estimated at 3% (by using a
standard solution of potassium hydrogen phtalate). Dissolved inorganic carbon was also measured
with the Shimadzu TOC-5050A with an accuracy of 0.2%.
SUVA (Specific UltraViolet Absorbance), strongly correlated with degree of aromaticity of or-
ganic matter (aromaticity = 6.52 * SUVA + 3.63) (Weishaar et al., 2003), was used as an indicator of
the chemical composition and reactivity of dissolved organic carbon.






4 ) concentrations were measured by ion chromatog-
raphy (Dionex DX-120). The uncertainty was below 4%. Major cation (Ca2+, Na+, K+, Mg2+,
Mn2+, Fe) concentrations were determined by ICP-MS (Agilent 4500), using indium as an internal
standard. The international geostandard SLRS-4 was used to check the validity and reproducibility
of the results. Typical uncertainties including all error sources lay between 2 and 5%, depending on
the concentration. Fe(II) concentration was measured by the 1.10 phenantroline colorimetric method,
AFNOR NF T90-017 (AFNOR, 1997), using a UV visible spectrophotometer. Estimated uncertainty
is 1%. NH4 concentration was measured by the salicylic colorimetric method, DIN 38 406 part 23,
section 2 and ISO/DIS 11732, using an automatic UV visible spectrophotometer No. G-102-93 Rev.
4 from Bran and Luebbe. Estimated uncertainty is 2%. Finally, CO2 was analysed by a micro gas
chromatograph 3000 (from SRA Instrument). Estimated uncertainty is 1%.
1.5 Peat characterization
This section describes the chemical and biological characterization of the initial peat material from
Le Marais and La Bergerie.
Materials and methods
Initial peat characterization was done on four subsamples for bulk density, soil moisture and Van
Post index. Peat material was characterized for bulk density, soil moisture and Van Post index. Total
C, N, S and O content were measured with a carbon-sulphur analyser LECO SC 144 DRPC, with an
accuracy of 5 %. The peat sample is oxidized at high temperature (1800◦) with a catalyst and under
oxygen. The emitted gases (CO2, N2, H2O, SO2) are separated on a chromatographic column (Pora-
pack QS). After detection and signal amplification, the measured concentrations permit to quantify C,
N, S and O. Mineral content, expressed as the total cation content, was determined by ICP-MS (Agi-
lent 4500) after acid, drying and peroxide digestion. Microbial and active biomass were measured (i)
initially on 4 peat subsamples before the experiment and (ii) at the end of the 45 days experiment in
each core, by sampling a layer of peat 2 cm in thickness at the 3 heights of investigation (top, middle,
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bottom). Microbial carbon was measured by the fumigation-extraction method, using a protocol mod-
ified for peat (Williams and Silcock, 1997) (Francez et al., 2000). C was analysed in 0.5 M K2SO4
extracts. Soluble organic C extracted from both fresh and fumigated peat was measured by using
a OI-analytical TOC 1010. The values obtained from the non-fumigated samples are referred to as
soluble organic carbon (SolOC) Microbial biomass C results from the difference between fumigated
and non-fumigated samples, corrected with the recovery factor KEC of 0.45 (Sparling et al., 1990).
Potentially active biomass was measured by the substrate induced respiration method, by adding a
pre-determined glucose solution (18 mg.g−1 dry mass) and using a pre-determined incubation time
(1 hour). The resulting respiration rate, i.e. CO2, was measured by gas chromatography and further
converted to C microbial biomass (Anderson and Domsch, 1978) (Sparling, 1995) .
Results
Peat characteristics are given in Table 1.2. These peats are moderately degraded (+ 40 % fibers) with
macro-pieces of stringy wood. With respect to total nutrients, organic carbon content is higher in le
Marais, 401.5 g.kg−1(dry weight), compared to la Bergerie where C is 328.8 g.kg−1. This difference
is also visible on the total nitrogen content. Sulphur contents are similar (4.9 g.kg−1).
Peat mineral content is expressed by the total major cations content. Mg is similar in the two
peats. Ca is somewhat higher in peat from le Marais, while the other components are slightly lower.
With respect to extractable nutrients, nitrogen contents are similar between the two peats, but
carbon is 2 times greater in le Marais compared to la Bergerie. This difference is also reflected in the
microbial biomass and the microbial activity.
Peat from le Marais and la Bergerie are compared for C and N ratios in Figure 1.7. Peat from le
Marais has a C:N ratio of 15.7 (SE: 1.03) and the microbial biomass carbon to soluble organic carbon
ratio is (MBC/SolOC) 0.35 (SE: 0.02). Peat from la Bergerie has a C:N ratio of 17.5 (SE:0.42) and a
MBC/SolOC of 0.14 (SE:0.03)1.
1.6 Statistical analyses
A large range of chemical species were followed in our experiment to allow a comprehensive
study of the inter-related reactions involved. To achieve data reduction and help categorize the set of
chemicals a principal component analysis (PCA) was carried out with R (Foundation for Statistical
Computing, 2010). Near-normal distribution was improved by log transformation of the data.
Another objective of the experiment was to test if short frequency draining-rewetting cycles (3
days and 9 days) have an effect on the resilience of the peat chemistry. To achieve this, an analysis of
variance (ANOVA) was carried out to test the effect of the cycle frequencies. Before running the anal-
ysis, the assumptions underlying this test were checked: normal distribution of data (by Shapiro-Wilk
test and histogram shape), equality of the variances (by Levenes test), and similar distribution shape
(by Kolmogorov-Smirnov test). Near-normal distribution was improved by log transformation of the
data. The pairwise comparisons of the means of pH, SO2−4 and DOC were then tested with the Tukey-
Kramer test, using the type of treatment as explaining variable (saturated, 9 days draining-rewetting
1SE: standard error
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0  0.1  0.2 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 0.4 0 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 0.3  0.4 
C / N  MBC / SolOC 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SIR / MBC 
0  2  4  6  8  10 12 14 16 18 20 
Figure 1.7: Comparison between peat from le Marais (grey bars) and la Bergerie (light grey bars) on
carbon-nitrogen ratios. Error bars are standard errors, n=36.
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Table 1.2: Peat properties. Average and standard error are given on four different samples from the
same core
Le Marais La Bergerie
Value Standard error Value Standard error
Humification (Van Post) H6/H7 H4/H5
Bulk density (g.cm−3) 0.22 0.001 0.21 0.002
Moisture content (% ) 85 0.3 % 84 0.5 %
Total nutrients (g.kg−1 dry mass)
C 401.5 1.0 328.8 0.4
N 25.6 0.1 18.7 0.02
S 4.9 0.05 4.9 0.006
Ca 19.4 0.24 14.15 0.29
Na 0.60 0.01 1.88 0.27
K 2.28 0.05 5.00 0.31
Mg 1.61 0.02 1.96 0.04
Fe 9.3 0.4 11.7 0.3
Extractable nutrients (g.kg−1 dry mass)
Soluble organic carbon (SolOC) 2.43 0.07 1.16 0.04
Soluble organic nitrogen (SolON) 0.33 0.01 0.34 0.01
Biomass (g.kg−1 dry mass)
C microbial (MBC) 0.80 0.06 0.26 0.04
N microbial (MBN) 0.07 0.01 0.10 0.02
C microbial activity (C SIR) 0.28 0.005 0.03 0.003
pH of the water at the sampling site 6.1 5.4




DOC and sulphate release under
draining-rewetting constraints in peat
Abstract
Peat is very sensitive to changes in hydrology that may be brought about by climate or anthropogenic
pressures. The study highlights the chemical processes involved in peatlands, focusing on sulphate
and DOC release. Two peats undergoing different hydrological flows in the field - a site impacted
by pumping of an underlying aquifer and an undisturbed site - were subjected to short periods of
saturation and draining in a laboratory experiment. The study confirms that peat quality is a key
control on its sensitivity to environmental changes such as changing water recharge quality or aeration
status. The nutrients turnover in these peats is highly influenced by their state. A more degraded
peat, i.e. depleted in nutrients and biomass, is more sensitive to oxidation processes. Release of
sulphate (here dominantly iron sulphides, resulting in high dissolved iron concentrations) results in
acidification which in turn enhances cation leakage and a decrease in DOC solubility. From this study,
the most convincing explanation is that, instead of the total iron sulphide content (mainly pyrite), its
degradation state is responsible for these different behaviours between sites.
The draining-rewetting experiment emphasizes the difference in S availability to oxidation. In the
undisturbed peat, a 3 or 9 day draining-rewetting frequency or permanently saturated cores produce
similar sulphate concentrations, while in the impacted peat, increasing the residence time of water
leads to increasing sulphate release resulting in increasing acidity. The impacted site is more sensitive
to alternating oxidation-reduction cycles. The buffering capacity of the peat, i.e. its efficiency to
counteract environmental changes, is thus less maintained where peat is more degraded.
The peats differ mainly by their nutrient and biomass content. Microbial activity is expected to
respond to relative rapid disturbances in the peat environment. Therefore we argue that the difference
in peat quality between the two sites may be related to the different hydrological constraints experi-
enced in the field. It is likely that 20 years of enhanced downward flow has contributed to degradation
of the peat material. This downward flow is expected to bring more oxygenated waters into the peat,
and thus enhance oxidizing processes.
Key Words: Peat hydrochemistry; Hydrological change; Short-term disturbance; Degradation
dynamics; Acidity; Sulphate; DOC
95
96 CHAPTER 2. DOC AND SULFATE RELEASE
Introduction
Contrasting mobilization-immobilization responses of peat soil to more aerobic conditions have been
reported in the literature. Although sulphate (SO2−4 ) release is always observed, contradictory results
are reported on dissolved organic carbon (DOC) and the dynamic of major cations (Blodau et al.,
2004) (Blodau et al., 2002) (Clark et al., 2006) (Glaser et al., 1990). SO2−4 turnover is highly doc-
umented (Krairapanond et al., 1991) (Chapman and Davidson, 2001) (Chapman, 2001) (Devito and
Hill, 1999). Regardless of the source of sulphur, SO2−4 reduces to a mineral form, i.e. FeS, FeS2,
H2S and S. Under aerobic conditions this reduced form oxidises to SO2−4 , generating an increase in
acidity (Schiff et al., 2005) (Lamers et al., 2002). It is likely that some of the H+ ions replace other
cations on exchange sites or enhance carbonate dissolution resulting in the marked increase in Al
or Ca concentrations in the drained water (Kadlec and Keoleian, 1986) (Skyllberg and Magnusson,
1995) (Eimers et al., 2008). In contrast to SO2−4 , the response of DOC to different oxidation states
has not a unique trend. In some cases, an increase in DOC has been observed in more aerobic con-
ditions (Freeman et al., 2004a) (Silvola et al., 1996), possibly because drained peat soils have more
humus compounds and substances that are readily hydrolysed. Other studies, however, have found no
significant DOC changes or even declines in DOC following drainage most likely influenced by the
hydrologic regime (e.g. dilution effect occurring with changes in stream flow) (Eimers et al., 2008).
These studies suggest that mobilization or immobilization responses of nutrients in peat soils depend
largely on the change in peat decomposition, which is regulated by factors related to the environment
and substrate (Laiho, 2006). Environmental factors include (i) aerobic/anaerobic constraints which
impact the redox potential (ii) the water quality recharging the wetland which notably impacts the
pH and (iii) temperature. Substrate factors include stage of decomposition, organic matter quality,
nutrient content, and the presence of chemical and biological inhibitors to microbial activity. The
sensitivity of nutrient mineralization to oxidation depends on substrate characteristics related to the
quality and quantity of organic matter. Therefore large heterogeneities in nutrient dynamics related to
oxidation state across the landscape result in the interacting influence of environmental and substrate
factors.
The present Chapter investigates the chemical processes in peats related to variable oxidation
states as a response to variation in water table height. These wetlands have experienced two main land
management practices resulting in changes to peatland water tables : progressive draining since the
beginning of the XVII century and water extraction from an underlying productive regional aquifer.
As a result, the top peat profile is subjected to longer periods of dessication. We hypothesize that
anthropogenic impacts such as water pumping and drainage of the wetlands can lead to greater degra-
dation of the peat. The aim of this study is (i) to test the effects of peat substrate quality on DOC
and SO2−4 solubility - from a pumping site subjected to more oxygenated conditions throughout
the year and an ”undisturbed” site (ii) and to test if short frequency draining-rewetting cycles
have an impact on the resilience of the peat chemistry.
In order to test this hypothesis, laboratory experiments were conducted in peat cores, by repeated
draining and re-wetting cycles at different frequencies (3 days and 9 days, beside steady controls), in
controlled air conditions of temperature and humidity.
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2.1 Materials and methods
Please refer to the general Materials and methods section of Chapter 1 in this Part II. In this experi-
ment four treatments were tested on intact peat cores directly from field (around 80% water content)
collected in the two sites - La Bergerie and Le Marais: (1) a dry case, where no rewetting occurred
throughout the duration of the experiment (2) an always saturated case, where the core was kept sat-
urated during 45 days (3) a drained-rewetted cycle on a 3 day frequency (4) a drained-rewetted cycle
on a 9 day frequency. Each treatment was replicated four times, resulting in 16 cores per peat type.
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2.2 Results
2.2.1 Peat pore water in the cores
Results are presented for the middle and the bottom of the cores. Results from the top of the cores
show higher oxidation and higher variability between cores and between sampling days and will not
be discussed here. Table 1.1 summarizes the monitored parameters and chemical concentrations in
the middle of the cores, at the end of the experiment for the permanently saturated cores in Le Marais
and La Bergerie. The ”inlet water” column recalls the chemistry of the water used to saturate the
cores.
Table 2.1: Comparison, over a set of parameters or elements, between Le Marais and La Bergerie.
Average and standard error are given on four pore water samples from the middle of the always
saturated cores, on day 45. Concentrations are in mg.L−. The ”inlet water” column recalls the
chemistry of the water used to saturate the cores.
Inlet water Le Marais La Bergerie
Value Standard error Value Standard error
pH 7.5 6.1 0.02 4.3 0.02
Cl− 30.6 30.1 0.5 32.4 1.0
NO−3 36.9 0.5 0.1 0.9 0.40
SO2−4 10.0 63 7 439 76
DOC 0.0 110 5.6 36 5
DIC 56.5 2.8 0.3 1.2 0.1
Fe2+ 0 1.9 0.3 27.0 2.6
Fe 0.017 5.7 1.3 72.7 25.6
Ca2+ + Mg2+ 84.5 52 2.8 130 53.3
Na+ + K+ 17.5 10.2 0.4 24.5 5.3
SUVA 3.39 0.16 3.57 0.20
Relation between elements
A Principal Component Analysis was carried out on pore samples data from the middle and the
bottom of all the cores and for each peats (Figure 2.1). The PCA for each site shows similar results,
however the correlations among variables are stronger in La Bergerie (i.e. the explained variance by
the two first components is higher). The PCAs do differentiate the groups SO2−4 -Ca-Mg-Na on one
side, and pH on the other side of a component. In La Bergerie Mg and K are correlated to Ca and
Na respectively, and therefore were excluded from the PCA in order to not distort the analysis. In
Le Marais Mg was correlated with Ca and was excluded for the same reason. For both peats, Fe and
DOC are strongly correlated (very close and highly linked to a component) and anti-correlated with
NO−3 . It appears that in Le Marais the main process controlling the concentrations (first component) is
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the redox state (from more oxidant with NO−3 to more reduced with Fe) while in La Bergerie the first
controlling process is the acidification (pH anti-correlated with SO2−4 -Ca-Mg-Na-K). Although the
two first components do explain 73.4 % of the variance in La Bergerie, it only explains 55.6 % in Le
Marais. Therefore the third compoent was used (Figure 2.1). In this case, the correlation coefficients
show a different pattern between some elements: (i) Fe and DOC are still strongly correlated and
explain the major part of the variance in the first component (ii) Ca, Mg and K are linked to the first
component and correlated with Fe-DOC (iii) pH-Na are on one side and SO2−4 on the other side of the
third component. The combination between component 2 and 3 (not shown) also maintains the couple
Fe-DOC and the anti-correlation between SO2−4 and pH. However the cations Ca, Na and K show a
contrasting pattern. Ca is found together with SO2−4 , while Na and K are coupled and anti-correlated
with DOC-Fe.
















































Le Marais  La Bergerie  Le Marais  La Bergerie  Le Marais  La Bergerie 
1  2.14  2.74  30.7  45.6  30.7  45.6 
2  1.74  1.66  24.9  27.7  55.6  73.4 
3  1.08  0.69  15.6  11.4  71.2  84.8 
4  0.90  0.51  12.9  8.5  84.1  93.3 
5  0.48  0.29  6.9  4.8  91.0  98.1 
6  0.36  0.11  5.2  1.9  96.2  100 
7  0.26  3.8  100 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Figure 2.1: Scatter of a set of elements plotted as their correlation coefficients between them and
the principal components in the unit circle. Data are from the 45 days experiment on pore samples
from the middle and the bottom of all the cores from Le Marais (on components 1-2 and 1-3) and




























Figure 2.2: Temporal pH in the peat pore water from the middle of the column over the three tested
treatments: saturated (black dots), drained-rewetted cycle on a 9 day frequency (grey bars) and
drained-rewetted cycle on a 3 day frequency (white bars). The doted line figures the concentration
level at the sampling site on sampling day. Error bars are the standard errors, n=4
The cores were all saturated with water at pH 7.5. The pH of the peat pore water was 6.1 (SE:
0.02) in Le Marais and 4.3 (SE: 0.02) in La Bergerie at the end of the experiment in the saturated
cores. In the field, the pH below the wetland water tables were also different: 6.1 and 5.4 for Le
Marais and La Bergerie respectively at the sampling location and at sampling date. Acidification in
La Bergerie is thus important.
Rewetting and draining had contrasting results on pH behaviour between each site. In Le Marais
pHs are not significantly different regardless the treatment (see variance analysis in Table D.1 and
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Figure D.1 in Appendix D ). Meanwhile, in La Bergerie, the saturated and drained-rewetted cycle on
a 9 day frequency had similar pHs, approximately 1.4 unit pH lower compared to the drained-rewetted
cycle on a 3 day frequency.
Cation behaviour showed contrasting results between the two sites (Table 1.1). While La Bergerie
shows a net export of Ca2+, Mg2+, Na+, K+ and Fe compared to the inlet concentrations, Le Marais
shows net decrease, except for Fe.
Sulphate release
A release of SO2−4 occurred for all the treatments after rewetting with higher concentrations in the
peat from La Bergerie (maximum around 400 mg.L−) (Figure 2.3, panel C, D). At the same time
NO−3 was always low, below 1.5 mg.L
− after 10 days of saturation in both peats (Figure 2.3, panel E,
F).
Rewetting and draining had contrasting results on SO2−4 behaviour between each site. In Le Marais
SO2−4 concentration were not significantly different regardless the treatment (see variance analysis in
Tables D.2 and Figure D.1 in Appendix D). Meanwhile, in La Bergerie, the saturated and drained-
rewetted cycle on a 9 day frequency had similar concentrations, approximately doubled compared to
the drained-rewetted cycle on a 3 day frequency.
The release dynamics are also different. In Le Marais, the maximum SO2−4 concentration is
reached after 3 days, i.e. the short frequency cycle. In La Bergerie, the maximum SO2−4 concen-
tration, i.e. leading to a plateau, is visible only after 10 days. The cycling maintains important NO−3
lowering (the inlet concentration is 37 mg.L−), although after repeated draining (on the 3 days fre-
quency) NO−3 tends to increase relative to the previous cycles.
DOC release
Saturating the cores resulted in the immediate release of DOC (Figure 2.3, panel A, B), with the
highest concentrations in peat from Le Marais. Most of the DOC was released within the first 3 days
(first sampling date). The time to reach a plateau in DOC concentration in the saturated cores is within
approximately 30 days. DOC stabilizes around 120 mg.L−1 in Le Marais and around 30 mg.L−1 in
La Bergerie. Results are similar in the middle and the bottom of the cores.
Rewetting the peat cores after a period of drainage produced again DOC concentrations similar
to the first wetting. Only the peat from La Bergerie has decreasing DOC concentrations in the three
first rewettings. Afterwards the concentrations did not decline relative to the number of rewettings. A
drained-rewetted cycle on a 3 day or a 9 day frequency did not result in significantly different DOC
production both in Le Marais and La Bergerie (see variance analysis in Table D.3 and Figure D.1 in
Appendix D ). Increasing water residence time (seen in the permanently saturated treatment) leads to
a maximum DOC level.
To complete DOC characterization, the Specific UV absorbance (SUVA) values are given in Table




















































































Figure 2.3: Temporal DOC and SO2−4 concentrations in the peat pore water from the middle of the
column over the three tested treatments: saturated (black dots), drained-rewetted cycle on a 9 day
frequency (grey bars) and drained-rewetted cycle on a 3 day frequency (white bars). The doted line
figures the concentration level at the sampling site on sampling day. Error bars are the standard errors,
n=4
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2.2.2 Biomass
The C biomasses are illustrated in Figure 2.4 for both peats. The results indicate that biomass is
globally higher in Le Marais. Regarding the differences between treatments, results suggest that the
microbial communities seems to be best adapted to anaerobic conditions in Le Marais as can be seen
on the total C biomass content higher in the re-wetted cores relative to the ”dry” case. However the
active C biomass does not show any distinction between treatments. On the opposite, in La Bergerie,
the ”dry” conditions favour microbial aerobic grow, both visible in the total and active C content from
the ”dry” case.
0  500  1000 
0  100  200  300  400  0  50  100 
B 














« dry »  permanently wet  9 days frequency  3 days frequency 
Figure 2.4: Total C biomass by the fumigation-extrcation method (panel A) and active C biomass by
the SIR method (panel B) content in the two tested peats after the treatments
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2.3 Discussion
2.3.1 Controls on sulphate release: oxidation processes
SO2−4 release occurs in the two peats. The classical explanation is that reduced S compounds that
formed during anoxic periods (dominantly FeS2), are subject to re-oxidation during periods of oxic
conditions (Paul et al., 2006a). SO2−4 release is approximately four times greater in La Bergerie. The
Principal Component Analysis (Figure 2.1) differentiates the groups SO2−4 -Ca-Mg-Na on one side,
and pH on the other side of the first component. As pH and SO2−4 are shown to be strongly anti-
correlated on the PCA, the lower pH in this peat pore water appears to be a result of a higher sulphur
oxidation to SO2−4 which produces H
+ (Appelo and Postma, 2005). This is also evident on Figures
2.2 and 2.3 where pH and SO2−4 behave in the same anti-correlated way. The peats have similar total S
(4.9 g.kg−1 dry mass), but S availability to oxidation appears to be significantly different between the
two peats. Nutrient and biomass content in peat from La Bergerie (Table ?? and Figure 1.7) clearly
indicate a more degraded peat. In addition, a previous study of these peats, revealed differing nitrate
reducer communities between the two sites (Bougon et al., 2009). Furthermore, in contrast with Le
Marais, cation release is observed in La Bergerie. These results suggest that peat from La Bergerie is
highly sensitive to oxidation processes.
Sulphur is involved in many biochemical processes, such as the synthesis of essential amino acids,
proteins, and enzymes. It exists in soils in organic and inorganic forms in various oxidation states,
ranging from −2 to +6. Sulphur speciation in peatlands have been documented in several studies.
Wet-chemical methods based on sequential extraction of S fractions have already highlighted the
large predominance of organic sulphur (Krairapanond et al., 1992) (Wieder and Lang, 1988a). Newly
developed methods based on X-ray absorption have significantly improved the speciation. Fast sul-
phur turnover in peatlands is highly dominated by pyrite but ester sulfates may also contribute to
SO2−4 production in alternating oxidation-reduction cycles (Prietzel et al., 2009). These organic and
inorganic contributions are discussed below.
Pyrite as a source of sulphuric acid In the experiment, Fe and S can be assumed to be correlated,
as pore water Fe and SO2−4 in La Bergerie are also approximately four times higher than in Le Marais.
This suggests that a major part of Fe and SO2−4 concentrations are the result of the oxidation of
inorganic iron sulphur containing minerals, most likely pyrite FeS2. Iron sulphur containing minerals
(as well as elemental S) are known to be the most dynamic S constituents of peat (Wieder and Lang,
1988b). However, SO2−4 and Fe are not coupled in the PCA, rather Fe is coupled to DOC suggesting
that part of the Fe is then bounded to DOC in colloidal form (Grybos et al., 2009).
Pyrite accumulates in waterlogged soils where there is a supply of easily decomposed organic
matter (Appelo and Postma, 2005). Bacteria, breaking down this organic matter under anaerobic
conditions, reduce dissolved sulphate ions to sulphides and Fe(III) oxides to Fe(II). Pyrite is the
stable end-product of these reactions, as long as anaerobic conditions are maintained. Peats from La
Bergerie and Le Marais have similar total Fe and S content and have likely accumulated pyrite under
similar anaerobic conditions over long time scales in the field.
Oxygen entering the soil oxidises pyrite, generating sulphuric acid. Overall, the oxidation of
pyrite can be represented by Figure 2.5. The reaction of pyrite with oxygen is a slow process, but
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SO42- + Fe(II) FeS2 + O2 
Fe(II) + S22- 
+ O2 
+ O2 + FeS2 
Fe(III) 
Fe(OH)3 





Figure 2.5: Reaction pathways in the oxidation of pyrite (after Stumm and Morgan, 1996)
pyrite is rapidly oxidised by Fe(III) in solution. Fe(III) is thereby reduced to Fe(II), but Fe(III) is
then regenerated from Fe(II) by the bacteria Thiobacillus ferrooxidans. This catalytic oxidation of
pyrite can take place only at pH less than 4, because Fe(III) is soluble only under these very acid
conditions. In our experiment, La Bergerie releases a large amount of SO2−4 and Fe, suggesting that
pyrite oxidation may be explained by higher pyrite availability. In other words, greater degradation of
the surfaces of pyrite minerals, rather than the total content, is the key factor responsible for the greater
release of Fe, SO2−4 and H
+ ions in La Bergerie. Indeed several studies have emphasized that iron-
sulfide-like minerals, rather than crystalline pyrite-like compounds, are able to function as electron
donors (Haaijer et al., 2007). In addition, pH is around 4 or even lower in La Bergerie, suggesting
that the catalytic pyrite oxidation by Fe(III) takes place, resulting in even higher acidification.
Potential contribution of organic sulphur It is well known that the primary source of sulphur in
freshwater peats is organic bounded sulphur (as ester sulphates or carbon-bounded S) which repre-
sents generally more than 70 % of total S (Krairapanond et al., 1991). Ester-sulphates are preferen-
tially mineralized relative to carbon-bounded sulphur (Chapman, 2001). Prietzel et al 2009 (Prietzel
et al., 2009) showed that the relative contribution of organic ester sulphates to the total S pool was
higher in peat subjected to alternating oxidation-reduction cycles, relative to permanently wet peat.
Thus, even if the fast S turnover is in the inorganic form through pyrite dissolution, organic ester sul-
phates may also contribute to S release, notably in the more degraded peat from La Bergerie. On the
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other hand, the activity of the enzyme involved in ester linkage cleaving and release (arylsulphatases)
is known to be inhibited by microbial biomass activity (Freeman et al., 1996) (Williams et al., 2000).
This mechanism may partly explain a less available organic sulphur pool to be oxidized in Le Marais.
As a summary, the nutrients turnover in these peats seems to be highly influenced by the overall
organic matter state. A more degraded peat seems to make more pyrite available for oxidation and
eventually organic ester sulphates. Consequently, high release of SO2−4 results in drastic acidification,
which in turn enhances cation leakage.
2.3.2 Controls on DOC release: pH control
pH appears to have a major role in the release of DOC. pH reaches a lower value in La Bergerie:
4.3 compared to 6.1 in Le Marais. We suggest that this pH difference is only an indirect consequence
for the rate of degradation of the peat, as previously explained by the sulphate release mechanisms
(Coulson and Butterfield, 1978). pH is known to have a significant control on DOC solubility and
sorption and consequently on metal complexation to organic matter (Grybos et al., 2009).
Both peats highlight a chaining mechanism which may be described as follow:
1. a pH rise, resulting from the peat wetting by water having a pH of 7.5, increases negative
charges within the carboxylic or phenolic groups, leading to more hydrophilic organic carbon,
i.e. higher DOC solubility (Reddy and Delaune, 2008). Indeed, both peats produce DOC when
rewetted.
2. the concomitant SO2−4 release by oxidation counteracts the pH rise, resulting in a pH decrease
ending at 6.1 in Le Marais and 4.3 in La Bergerie. This difference in pH explains the difference
in DOC concentrations, i.e. DOC is approximately 3 times higher in Le Marais, relative to La
Bergerie.
3. the produced DOC enhances Fe2+ and slightly Ca2+ and Mg2+) binding (Skyllberg and Mag-
nusson, 1995), at least in Le Marais where balance between inlet and outlet in the peat pore
water, after 45 days, shows a net bi-valent cation decrease (Table 1.1). By contrast, La Bergerie
shows net cation release.
Finally, the organic matter aromaticity, reflected by the SUVA values around 3.5, is similar, which
likely reflects a similar DOC composition in each peat. SUVA does not provide information about re-
activity of DOC derived from different types of source materials (Weishaar et al., 2003). However, the
value of 3.5 indicates more fulvic dominated acids, i.e. complexing molecules rather than metabolites
(Ghabbour and Davies, 2005).
As a conclusion, the different behaviours between the two peats emphasize contrasting neutral-
ising capacities. Commonly, the acid-neutralising capacity is provided by carbonates, exchangeable
bases and easily-weatherable silicates (Dent, 1986). In this peats, carbonate dissolution does not seem
to mainly contribute to the neutralizing capacity, as no linear correlation is observed (data not shown).
The neutralising capacity seems to be mainly controlled by the exchangeable bases. In La Bergerie,
the overall peat degradation state may notably decrease the exchangeable bases.
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2.3.3 Peat sensitivity to draining-rewetting cycles
The draining-rewetting experiment was intended to study the peat sensitivity to rapid changes in
water recharge quality.
Regarding SO2−4 behaviour, it is evident that SO
2−
4 release is impacted by the cycle frequency
in La Bergerie, but not in Le Marais (for statistical significance see Table D.2 and Figure D.1 in
Appendix D). In La Bergerie, SO2−4 concentration is lower on a 3 day drained-rewetted frequency
(Figure 2.3 C, D), while rewetting every 9 days or permanently wetting give similar higher concen-
trations. These differences are reflected in the pH values, which show similar trends (Figure 2.2 B).
It appears that the dramatic pH decrease in La Bergerie gradually reaches its minimum value after
9 days, while in Le Marais stable conditions are reached after just 3 days. This may imply that the
impacted peat from La Bergerie is more sensitive to fast water pulses. In addition, it is interesting
to note that repeated rewettings result in similar SO2−4 productions, from one rewetting to the other.
Indeed, a leaching process (i.e. exponential decrease) may have been expected from these peat cores
collected in the unsaturated zone, which is not observed. This suggest that the sulphur pool available
to oxidation is not contracting even after 8 rewettings (for the 3 day frequency). In a recent study
focusing on the impact of experimental drought and rewetting on redox transformations, Knorr et al
(Knorr and Blodau, 2009) emphasize that it is not well known to what extent and at what time scale
electron acceptors responsible for S turnover, are renewed and consumed during such events in peat-
land soils. Their incubation study suggest that the sulphate pool turns over in less than a day. In an
other study, Paul and al (Paul et al., 2006b) showed that sulphur and iron constituents can provide
electron accepting capacity for weeks to months if all oxidized species are reduced. Our results also
suggest a rapid recycling mechanism. However, a detailed characterisation of sulphur species may be
needed to confirm this assumption.
With respect to DOC behaviour, both peats are similarly impacted by the cycle frequency: the
permanently saturated peats reach a maximum plateau concentration after approximately 28 days,
while the 9- and 3-day cycles produce similar lower DOC level from one rewetting to the other. By
contrast with the fast pyrite oxidation reactions, it appears that DOC kinetic solubilization is slower.
Repeated rewetting results in similar DOC productions throughout the experiment, suggesting that
like sulphur, carbon availability to solubilization is not limiting in the present experimental conditions.
As a conclusion, although DOC kinetic solubilization is slower, repeated rewettings on both peats
highly contribute to DOC export from the catchment.
Regarding NO−3 behaviour, the kinetic reduction is fast in both peats. Draining and rewetting
maintains reducing conditions, but repeated cycles (on the 3 day frequency) show that the reducing
rate decreases (Figure (Figure 2.3 E, F). Although several studies have shown that denitrifying com-
munities are well adapted to fluctuating redox conditions (Knorr et al., 2009) (Blodau and Moore,
2003), this might imply that the microbial community structure starts to loss its high adaptation ca-
pacity in extreme repeated fluctuation conditions.
2.3.4 Field implication
The results discussed in this paper correlate well with field observations made by Auterives et al
(Auterives, 2006): e.g. peaks of SO2−4 and Ca
2+ were correlated with acidity increase after water level
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rise and were more intense in the ”pumping site”. The study confirms that organic matter quality is
a key control on peat sensitivity to environmental changes such as changing water recharge quality
or oxidation state (Bauer, 2004). Indeed, the peat quality of the two studied sites differs, notably by
their nutrient and biomass content. Biomass is expected to respond to relative rapid disturbances in
the peat environment. Therefore we argue that the difference in peat quality between the two sites
may be related to the different hydrological constraints experienced in the field. It is likely that 20
years of enhanced downward flow has contributed to degradation of the peat material in La Bergerie
(Auterives et al., 2011). This downward flow is expected to bring more oxygenated waters into the
peat, and thus enhance oxidizing processes. As an overall conclusion, long term aerobic conditions,
even without extreme drying, has an important impact on peat biodegradation, and more globally on
the ecosystem, by enhanced nutrient release and acidification.
The rewetting cycles performed in our experiments are analogous to highly fluctuating water ta-
bles in the field. The results confirm that, while anaerobic conditions must be favoured in peatland
management, regular small water table fluctuations do not disturb the peat functioning, as a nutrient
transformer. These results agree with nowadays guidelines on peatland restoration which favour dy-
namic water level fluctuations (Mitsch et al., 2005). Indeed, flowing conditions and flooding pulses
enhance primary productivity and other ecosystem functions (which are depressed by stagnant con-
ditions) like renewing materials (including toxic accumulation), energy and biota. Although some
degree of water table fluctuation is beneficial, this study also shows that when levels of oxidation in-
crease beyond a certain threshold, the cycling of chemical species such as Fe and S can be drastically
altered.
Conclusion
The study highlights the chemical processes involved in peatlands, focusing on sulphate and DOC re-
lease. Two peats undergoing different hydrological flows in the field - a site impacted by pumping of
an underlying aquifer and an undisturbed site - were subjected to short periods of saturation and drain-
ing in a laboratory experiment. The study confirms that peat quality is a key control on its sensitivity
to environmental changes such as changing water recharge quality or aeration status. The nutrients
turnover in these peats is highly influenced by the organic matter state. A more degraded peat, with
lower nutrient and biomass content, is more sensitive to oxidation processes. The higher sulphate re-
lease in the ”pumping site” may be explained by higher pyrite availability, i.e. the degradation state of
pyrite, instead of the total content, may be the key factor. Release of sulphate results in acidification
which in turn enhances cation leakage and a decrease in DOC solubility. The draining-rewetting ex-
periment emphasizes the difference in S availability to oxidation. In the undisturbed peat, a 3 or 9 day
draining-rewetting frequency or permanently saturated cores produce similar sulphate concentrations,
while in the impacted peat, increasing the residence time of water leads to increasing sulphate release
resulting in increasing acidity. This suggest that the impacted site is more sensitive to rapid changes.
The buffering capacity of the peat, i.e. its efficiency to counteract environmental changes, is thus less
maintained where peat is more degraded.
The peats differ mainly by their biomass. Biomass is expected to respond to relative rapid distur-
bances in the peat environment. Therefore we argue that the difference in peat quality between the
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two sites may be related to the different hydrological constraints experienced in the field. It is likely
that 20 years of enhanced downward flow has contributed to degradation of the peat material. This
downward flow is expected to bring more oxygenated waters into the peat, and thus enhance oxidizing
processes. Information provided by this study may therefore be of relevance to the management of
wetlands. Of major concern are the well extraction locations in order to optimize peat conservation
and the potential impacts of climate change.
Chapter 3
Biochemical peat response to repeated
draining and re-wetting cycles
In this part, full results from the experiment with peat cores from the reference site ”Le Marais”,
already presented in Chapter 2 Part II, are presented. The interpretation goes deeper in the potential
impacts of repeated wettings and drainages, compared to permanently saturated and non saturated
conditions. The vertical conditions in the cores are also investigated.
3.1 Materials and methods
This chapter is based on the same experiments than the previous chapter and we decided to avoid the
duplication of the Materials and Method section. Please refer to the general Materials and Methods
section of Chapter 1 in this Part II.
3.2 Results
3.2.1 Relationship between elements and sample distribution
A Principal Component Analysis (PCA) was carried out on the peat pore water data from the 3 levels
inside the cores and on the drained water. Figure 3.1 plots the PCA results for the middle core
samples. Major part of the variables variance (Panel A) is explained by [SO2−4 ;Ca
2+; Mg2+; Mn2+;
Zn2+; Al3+; N-NH4] on one side of the first component, and [pH] on the other side. On the second
component, variance is mostly explained by [Fe or Fe2+ and DOC] on one side and NO−3 on the other
side. The main involved reactions were already presented in chapter 2. They indicate especially a
significant acidification related to oxidation processes. Regarding the samples distribution (Panel B
and C), most of the cores subjected to draining-rewetting cycles are together around the PCA centre.
Specific samples from the 3 days frequency cycle plot more on the left and top sides, towards the pH
pole and the Fe or Fe2+ and DOC pole. Most of the permanently saturated cores are together towards
the [SO2−4 ;Ca
2+; Mg2+, etc...] pole. It can be noted that, in a given core, top, middle and bottom peat
pore water exhibit different concentrations showing a classical redox gradient (see Figure 3.2). They
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result however in a similar distribution in the PCA. The drained water also results in a similar variable





















































Figure 3.1: Graphical representation of the PCA analysis on the peat pore water data from the middle
of the cores. Panel A: variables plotted on components 1 and 2; Panel B: related samples distribution;
Panel C: related ward dendogram
3.2.2 Behaviour of the redox-sensitive elements
The tested treatments, by renewing the water inlet at a 3 day or 9 day frequency, relative to a
permanently saturated case, are expected to impact the redox environment. Figure 3.2 illustrates
the temporal trends of three redox-sensitive elements (NO−3 , SO
2−
4 and Fe
2+) relative to the tested
treatments. The top, the middle, the bottom and the drained water are illustrated.
Regarding the vertical behaviours of these three elements, a redox gradient appears from oxic to
more anoxic conditions, in both three treatments. For example, SO2−4 is relatively high in the top and
quite lower in the bottom.
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Regarding the differences between treatments, it appears that the permanently saturated cores
evolve towards a more anoxic environment (especially noticeable on the SO2−4 concentration trends),
while the fluctuating treatments maintain more oxic conditions. On the other hand, the drained water,
which integrates the chemical ”signature” of the entire column, clearly shows a different picture
between treatments on the NO−3 behaviour. The NO
−
3 temporal trend shows higher concentrations in
the fluctuating treatments.
Finally, regarding the impact of repeated saturations and drainages within the 9 days or 3 days
frequency, it seems that the peat maintains a good ability to reproduce similar concentrations from
one rewetting to the other. Except for NO−3 , which concentration seems to gradually increase from
one rewetting to the other in the top for the 9 days and 3 days frequency cycle, and in the drained
water for the 9 days frequency cycle.
3.2.3 Nutrient cycling: import and export
The cumulative concentrations computed for the three treatments are plotted on Figure 3.3 for NO−3 ,
SO2−4 , DOC and Ca
2+. The vertical profiles as well as the drained water are reported. From this
Figure it appears that the peat maintains a good ability to consume or produce nutrients even under
repeated rewetting and draining cycles. A good proportionality is maintained relative to the number
of repeated rewettings for most of the nutrients (on Figure 3.3 see the numbers on each bars which
are the mean concentrations consumed or produced per rewetting, i.e. total concentration divided by
the number of cycles). However an evolution can be seen for SO2−4 and DOC concentrations relative
to one rewetting. For the middle part of the column (the trend is similar for the top, bottom and
drained concentrations), SO2−4 increases from 52 to 67 and 79 mg/L (±14 mg/L) for the permanently
saturated, 9 days and 3 days frequency, respectively. Regarding the DOC, the concentrations decrease
from 110 to 77 and 67 mg/L (±11 mg/L), for the permanently saturated, 9 days and 3 days frequency,
respectively.
3.2.4 Biomass and CO2
Results from the biomass analysis at the end of the experiment are illustrated in Figure 3.4, panel
A for the top, middle and bottom sampled peat cores, and for the four tested treatments. The C
microbial biomass is lower in the permanently dry cores, and decreases from top to bottom. The
rewetting treatments are not distinguished, both between treatments and within the vertical profile.
The C active biomass is approximately 3 times lower than the total C microbial biomass. In addition,
no differences between treatments are noticed.
Results from the entire CO2 column incubation are presented in Figure 3.4, panel B. Note that CO2
rates are converted to equivalent C production. The permanently dry cores show higher respiration
rates, while the rewetting treatments do not show clear differences except that the short and frequent
rewetting cycle (3 days) seems to produce more CO2. Finally, it can be noticed that the equivalent
C production from this CO2 analytical method is much lower than the values reached in the ”active
biomass method”.
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Figure 3.3: Illustrative bar diagram plotting the total nutrient turnover along the three tested treat-
ments for NO−3 , SO
2−
4 , DOC and Ca
2+. The vertical distribution is illustrated by the top, middle and
bottom peat pore water. The drained water is also illustrated. Errors bars are on four replicates. The
numbers on each bar are the computed mean consumed or produced concentrations per rewetting
(total concentration divided by the number of rewettings)





















































































































































3.3.1 Overall treatment impact
The experiment shows the development of conditions that are close to the field ones (Auterives,
2006). A vertical redox gradient develops throughout the cores. The top of the cores equilibrates
with the atmosphere which provides an oxygen source. It shows more oxidizing conditions when
compared to the middle and the bottom parts. Deeper in the core, more reducing conditions are char-
acterized by NO−3 decrease and Fe
2+ increase. Figure 3.5 shows how the vertical gradient correlates
with the classical redox reaction sequence. Although the cores were collected below the top soil, the
relative equilibrium with atmosphere is rapidly obtained while the rest of the core maintains highly
reducing conditions throughout the experiment, despite the water level fluctuation. Within the deeper
part of the core, peat clearly acts as a biogeochemical reactor with an efficient and extremely rapid O2
consumption and NO−3 reduction. The Fe increase and the SO
2−
4 reduction also show the significant
capacity of the peat medium, i.e. the microbial communities, to develop or maintain highly reducing
conditions. The cycles do not modify this capacity. Although a large part of the water is renewed,
the reducing conditions are always maintained except in the upper part of the column which is per-
manently exchanging with the atmosphere. As observed in Figure 3.3, the 3 days cycle allows very
significant amounts of NO−3 to be consumed.
3.3.2 Treatment impact on the redox reactions and the nutrient cycling
As a overall overview on the whole set of collected chemical data, the PCA shows that the saturated
cores are distinguished from the ”fluctuating cores”. A small group of ”3 days frequency treatment”
(group 2 in the panels B and C from Figure 3.1) indicates that the ”fluctuating cores” progressively
evolved during the experiments, particularly the 3 days frequency. This is confirmed by the mean
concentration comparison related to one rewetting (Figure 3.3). It however appears from the results
illustrated in Figures 3.2 and 3.3, that the peat maintains a good ability to reproduce similar redox
reactions and nutrient turnover, even under relatively rapid water fluctuations. The results confirm
that regular small water table fluctuations do not disturb the peat functioning. If one considers the
peat as a nutrient transformer reactor (analogous to constructed waste water treating wetlands), a
dynamic fluctuating water level favours primary productivity and other ecosystem functions (which
are depressed by stagnant conditions) like renewing materials (including toxic accumulation), energy
and biota. The experiment can be interpreted in light of the cycle frequency that may occur in field
conditions. If the 3 days cycle is considered as an analogue to the day/night cycle, it seems that the
impact would be limited, especially because the amplitude of the day/night cycle (less than 10 cm)
is more limited than the experiment amplitude (30 cm). However, as such cycles are repeated every
24 hours, the cumulative impact might be significant at the scale of the year. Furthermore, if water
level variations induced by precipitation are integrated to this effect, the whole rapid water level
variations throughout the year may clearly impact the peat functioning. These variations enhance
nutrient recycling, as for example seen in the 3 days experiment for NO−3 . On the opposite, if only
one stable water level is maintained, the nutrient turnover is limited.




































































Figure 3.5: Illustrative diagram showing the good agreement between the vertical gradient of redox
sensitive elements and the classical redox sequencing
3.3.3 Treatment impact on the microbial communities
It appears that in this peat, re-saturating the cores with groundwater inhibits the CO2 respiration
rate, relative to the pristine conditions (the ”dry” cores). This may be explained by a solubility effect,
i.e. produced CO2 is ”trapped” into the free water saturating the cores. On the other hand, the highly
fluctuating treatment (3 days) produces some more CO2 relative to the other rewetting treatments,
suggesting that microbial communities are more activated.
On the opposite, the non discrimination between treatments on the active C biomass measurements
(by the substrate induced respiration method), especially on the dry cores, may be related to the
method. Indeed, this method is indirect, relative to the direct CO2 measurement on the entire column,
which does not disturb the cores. In other words, the potential variability between treatments is hidden
by the method itself. However, it seems that the fluctuating treatments do not affect the active biomass
suggesting that fluctuating conditions do not alter the microbial communities.
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Finally, the total C microbial biomass shows a reversed trend, compared to the CO2 respiration
rate. It appears that the ”dry” pristine cores are depleted in biomass and that anaerobic conditions
favour biomass. It can be suggested that the original microbial community, present in this peat, is
best adapted to an anaerobic environment. In addition, the total biomass is somewhat higher in the
top of the cores which may indicate that an aerobic community develops but can not be maintained
with time. This result is further confirmed by the desiccation experiment in Part III.
3.3.4 Effect of peat heterogeneity
As seen in Figure 3.2, a major difference is observed between the peat water in the pores (top, mid-
dle and bottom measurements) and the drained water, although these waters are extracted from the
same core, at the same moment. In the drained water NO−3 concentrations are higher and Fe
2+ con-
centrations are lower. Only the SO2−4 shows intermediate concentrations compared to the pore water.
The drained water does not reach as reducing conditions than the pore water. The difference between
drained and pore water is interpreted as reflecting the peat heterogeneity. The drained water represents
the water which has the highest freedom degree in the peat, in other words it is less bounded to the
peat pore-structure. It may represent either large pores or various heterogeneous voids. Analogous to
the soil structure, it can be considered as the macro-porosity in a double-porosity concept (Simunek
et al., 2003). This might be due to preferential flow phenomena, as already observed by (Lischeid
et al., 2007). This has substantial implications for assessing, e.g., the dentrification capacity of wet-
lands. Within such structures, the water/peat surface ratio is much higher than in the micro-porosity,
which explains the relatively slower chemical evolution and the less reducing conditions. As SO2−4 is
mainly explained by pyrite oxidation, the production is also limited if the water/peat surface ratio is
low. Consequently, the pore water concentrations reflect the micro-porosity which can be considered
as the ”heart” of the biogeochemical reactor. However this water evolves towards slightly more oxi-
dizing conditions in the alternating aerobic/anaerobic treatments (seen on the SO2−4 concentrations),
suggesting that the repeated rewettings and drainages progressively favour the ”free” water in the
macro-pores to impact the inner pore water.
Conclusion
Within this experiment, the effect of rapidly fluctuating water tables in peat was tested. Peat cores
were collected on field and the water level was controlled in order to induce 3 days and 9 days cycles
of drainages and rewettings.
The study highlights that rapid alternating aerobic/anaerobic cycles do not (or slightly) alter the
peat functioning: a rapid redox gradient is established. In addition, regular small water level fluctua-
tions (analogue to diurnal or short increases or decreases of the water table) favour nutrient cycling.
In other words, the relatively highly moving unsaturated zone is a dynamic biochemical reactor. The
fluctuations do not alter the biochemical functioning, however the frequent rewettings induce some
more oxidizing conditions. Regarding the microbial communities, it appears that saturated or alter-
natively saturated peat has a higher biomass content, relative to the 45 days unsaturated cores. It
suggests that the microbial community is best adapted to anaerobic conditions. The fluctuating condi-
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tions tested in these experiments seems not to alter the microbial communities, although slightly more
CO2 respiration rates are observed in the 3 days frequency cycle. The comparison of the peat pore
water (”inner water”) and the drained water from the entire core provides some insights to the peat
functioning. A double porosity concept may be applied: the drained water has the highest freedom
degree (macro-pore) and is less reductive while the inner pore water (micro-pore) is the most efficient
biochemical reactor.
Part III





Long term intensification of the anthropogenic impacts studied in the first Part showed that the
peatland hydrology can be dramatically affected. Two major changes are pointed out: (1) a gradual
evolution to perennial drying out leading to desiccation and (2) changes in water sources contributing
to the wetland recharge.
The biochemical processes studied in Part II showed that: (1) The peat saturated by water with
chemical characteristics which highly differ from the wetland, maintains a good buffering capacity.
In other words, the alternating aerobic/anaerobic cycles do not (or slightly) alter the peat capacity to
rapidly reach anaerobic conditions. However, repeated and rapid water level fluctuations contribute
to a higher nutrients turnover. (2) The study confirms that the biochemical sensitivity of peat is highly
dependent on the peat material quality. Indeed, the peat reactivity is affected by its state, i.e. its
mineral, organic and biomass content. A more depleted peat is more sensitive to oxidation processes
which result in higher acidification, sulphate production and cations leaching.
(3) The higher sulphate release in the cores from the ”pumping site” and the resulting acidity may be
explained by a higher pyrite availability. In other words the pyrite degradation state rather than the




Consequently, this PART III investigates the impact of long term environmental changes on the
biochemical processes described in PART II.
The first Chapter studies the impact of drying out leading to desiccation by use of an experimen-
tal setting similar to the previous experiments. Peat cores from La Bergerie and Le Marais were free
to dry out during 5 months. Water loss was around 20 %.




Impact of desiccation on peat chemistry
Introduction
The hydrological regime is the principal factor controlling ecosystem processes in peatlands. Any
change in water balance is expected to have important effects on biogeochemical cycles, productivity
and community composition. Worldwide decreasing flooding periods in peatlands, mainly induced by
systematic drainage of farmed organic soils, are responsible for severe subsidence effects. Subsidence
can lower the peatland surface elevation by an amount that can reach several meters (Wosten et al.,
1997). It is caused by desiccation of the peat surface, resulting in structural damage such as cracking
and peat structure modification (Holden et al., 2006). This is supported by the worldwide subsidence
rates that are recorded in drained peat areas and that range from few millimeters per year in boreal
climates to several centimeters per year in tropical conditions (Deverel and Rojstaczer, 1996). Peat
desiccation is due to increased aerobic decay in the surface layers of peatlands resulting in increased
mineralization of organic compounds including nitrogen (N). The N is partly released in the form of
nitrous oxide (N2O), a powerful greenhouse gas (Alm et al., 2007). In addition, desiccation of peat
surfaces is likely to make them more susceptible to erosion and extreme desiccation can lead to the
point where rewetting is extremely difficult. Irreversible long term subsidence of drained peatlands is
mainly due to (i) the consolidation of the saturated porous medium due to the effective stress increase
following the lowering of the water table and (ii) the volume reduction of peat due to organic matter
oxidation (Wosten et al., 1997). The latter is generally recognized as the main contributor to the
overall land settlement (Armentano and Menges, 1986) (Deverel and Rojstaczer, 1996) (Price and
Schlotzhauer, 1999).
Regarding the oxidation process, carbon-bounded nitrogen and sulphur are preferentially affected.
The top meter of peat soils can contain as much as 20 t nitrogen (N), 10 t sulphur (S) and 500 t of
carbon (C) per m2 (Miller et al., 1996). Even an increase in mineralization of 1% per year has the
potential to generate large losses of these elements. In addition, water table lowering usually increases
the leaching of Ca, Mg and K (Sundstro¨m, 2000) (Miller et al., 1996) (Kortelainen et al., 2006) as
well as ammonium (Holden et al., 2004).
The Cotentin peat meadows are severely impacted by long periods of lowered water tables as re-
ported in a previous Chapter (Chapter 1 of Part I). Nowadays important soil subsidence is occurring
in the peat, mainly around the pumping sites, even on a landscape scale, creating holes and bumps re-
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sulting in serious agronomic problems. The modelling results presented in Chapter 3 have highlighted
that the anthropogenic impacts affect the wetland water level. Pumping and climate change scenarios
predict that desiccation will be of major concern in the near future. Within this scope, the present
work aims to study the impact of peat drying out (desiccation) on peat pore water biochemistry. A
compared study between peat cores subjected to natural drying out lasting for 5 months (ending at
around 60 % humidity) and the previous experiment on peat cores directly from field (humidity was
around 80 %) is carried out. The previous experimental methodology by re-wetting and draining cores
by groundwater is re-used with the desiccated peats.
1.1 Materials and Methods
The experiment design was similar to the previous experiments, already explained in section Materials
and Methods (Chapter 1 in Part II).
Similarly to the previous experiment, cores from the two sites (La Bergerie and Le Marais) were
collected in October 2010 and stored for 5 months at 4◦C before the experiment started. Cores were
kept open to allow slow drying-out. To estimate the loss in water (i.e. the rate of drying-out), the cores
were weighted after collection and at the beginning of the experiment, 5 months later. In addition,
humidity was also checked (48h dry oven at 105◦C) in 10 sub-samples directly collected from the
field.
The experiment lasted again for 45 days, but only 3 treatments were tested: (i) a drained-rewetted
cycle on a 9 day frequency with 3 replicates (ii) a permanently saturated case with 3 replicates and
(iii) a dry control with 2 replicates. Cores were saturated with the groundwater used in the previous
experiment. Peat pore water at the 3 levels and the drained water were monitored for the same
parameters and elements used in the previous experiment. Extractable C and N and total and active
biomass were also analysed in the same way (see Materials and Methods Chapter 1 of Part II).
1.2 Results
Initial humidity from the field was 79.6 % ((n=10, SE1 = 0.9 %) in La Bergerie and 80.1 % ((n=10,
SE= 1.2 %) in Le Marais. Humidity of the total cores after 5 months drying out was 64.4 % (n=8, SE
=1.4 %) in La Bergerie and 59.6 % ((n=8, SE=2.6 %) in Le Marais.
As a first insight, some major differences are observed after 5 months drying-out, relative to the
first experiment where the humidity was around 80%. Extractable soluble organic carbon (SolOC),
total and active biomass and the final values or concentrations in the pore water from the middle of
the permanently saturated cores are given in Table 1.1, relative to the first experiment.
1.2.1 Impact of desiccation relative to the non-desiccated experiment
Soluble organic carbon is not affected by the drying period, while total and active biomass are higher.
SO2−4 production in the cores is dramatically higher: around 5 times higher in Le Marais, reaching
1Standard error
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Table 1.1: Comparison, over a set of parameters or elements, between Le Marais and La Bergerie for
the two experiments. Average and standard error (SE) are given on six peat sub-samples before the
experiments and on three pore water samples from the middle of the always saturated cores, on day
45. Water chemistry concentrations are in mg.L−. The ”inlet water” column shows the chemistry of
the water used to saturate the cores.
Inlet water Le Marais La Bergerie
80% humidity 60% humidity 80% humidity 60% humidity
value SE value SE value SE value SE
Peat
Extractable nutrients (g.kg−1 dry mass)
Soluble organic carbon 0.74 0.03 0.74 0.07 0.39 0.03 0.35 0.03
Biomass (g.kg−1 dry mass)
C microbial (MBC) 0.61 0.11 1.75 0.41 0.14 0.08 0.88 0.13
C active biomass (C SIR) 0.28 0.01 0.32 0.01 0.20 0.04 0.24 0.02
Pore water
pH 7.52 6.13 0.02 5.43 0.04 4.29 0.02 3.78 0.09
Cl− 30.6 30.1 0.5 38.2 2.7 32.4 1.0 33 1.3
NO−3 36.9 0.5 0.1 2.5 0.9 0.9 0.4 0 0
SO2−4 10.0 63 7 336 25 439 76 1767 137
DOC b.d.l. 110.2 5.6 96.7 2.4 35.8 4.9 23.8 2.3
DIC 56.5 2.8 0.3 0.9 0.1 1.2 0.1 0.7 b.d.l.
NH+4 (on day 28) b.d.l. 4.6 0.4 9.5 1.6 10.1 1.1 3.6 1.7
Fe2+ b.d.l. 1.9 0.3 2.2 0.7 27.0 2.6 24.1 0.1
Fe 0.02 5.7 1.3 2.0 0.6 72.7 25.6 74.3 12.4
Ca2+ + Mg2+ 84.5 52 3 132 7 130 53 419. 40
Na+ + K+ 17.5 10.2 0.4 11.5 0.5 24.5 5.3 21.1 1.1
SUVA 3.4 0.1 3.8 0.4 3.6 0.2 3.6 0.2
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330 mg/L and around 4 times higher in La Bergerie, reaching 1760 mg/L. Likewise, pHs are quite
lower: from 6.1 to 5.4 in Le Marais and from 4.3 to 3.8 in La Bergerie. However, iron apparent
concentrations (total and ferrous) are not affected and DOC concentrations are slightly lower. Ca2+ +
Mg2+ are higher, both peats showing release (relative to the inlet concentration). Na+ + K+, the final
NO−3 and DIC concentrations and the SUVA values are not affected.
Consistent with the non-desiccated experiment, there are significant differences between the two
sites. Le Marais still maintains higher biomass levels relative to La Bergerie. Acidification is higher
in La Bergerie, as well as the SO2−4 and bi-valent cations release.
1.2.2 Relation between elements and sample distribution
A Principal Component Analysis (PCA) was carried out on the peat pore samples data from the 3
levels inside the cores : Figure 1.1 plots the variables of the PCA for Le Marais and La Bergerie
together, and the two sites separated. In the 3 PCAs, Fe and Fe(II) are strongly correlated (superim-
posed): only Fe is thus kept in the analysis (as strong superimposition introduces a bias by giving
an overestimated weight to this pair of elements). For the whole data set, major part of the variance
is explained by [SO2−4 ; Ca
2+; Na+] on one side of the first component, and [pH; DOC] on the other
side. In the second component, variance is mostly explained by NO−3 on one side and DIC on the
other side. Projection on the third component gives similar results (not shown).
Taking the sites apart shows some common results, however differences are noticed. In Le Marais,
[SO2−4 ; Ca
2+; Mg2+] are anti-correlated with pH, but DOC is not associated with pH. The variance of
the second component is mainly explained by [Na+; K+; Fe]. In La Bergerie, [SO2−4 ; Ca
2+; Mg2+;
Na+; K+] belong to the same component, pH belongs to the other side of this component, but DOC
is again not associated with pH. The variance of the second component is mainly explained by NO−3
on one side and DIC on the other side. Fe is somewhere in the middle, and does not clearly belongs
to a specific component.
The individual samples, related to the variables in the PCA from Figure 1.1, are plotted on the
principal components. Data are from the peat pore water extracted from the 3 levels in the cores, at
the 3 sampling dates: in Le Marais and La Bergerie together (Figure 1.2), Le Marais alone (Figure
1.3) and La Bergerie alone (Figure 1.4). The two sites are distinguished: Le Marais plots towards the
[pH;DOC] pole, while La Bergerie plots towards the [SO2−4 ; Ca
2+; Na+] pole.
The cores subjected to draining-rewetting cycles are together towards the pH pole in Le Marais
and the Cl pole in La Bergerie, while the permanently saturated cores are together towards the [SO2−4 ;
Ca2+; Mg2+;(Na+; K+)] pole, regardless the site. In the dendograms (Figures 1.3 and 1.4), the


















Figure 1.1: Scatter of a set of elements plotted as their correlation coefficients between them and the
principal components in the unit circle. Data are from the peat pore water extracted from the 3 levels
in the cores, at the 3 sampling dates. Le Marais and La Bergerie (n=100), Le Marais alone (n=50) and
La Bergerie alone (n=50). The bar plots illustrate the variance projected on each different component





Figure 1.2: The individual samples plotted on the principal component. Data are from the peat pore





 d = 2 
 1 
 2 
Figure 1.3: The individual samples plotted on the principal component and the corresponding ”ward”
dendogram. Data are from the peat pore water extracted from the 3 levels in the cores, at the 3
sampling dates for Le Marais (n=50).
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Figure 1.4: The individual samples plotted on the principal component and the corresponding ”ward”
dendogram. Data are from the peat pore water extracted from the 3 levels in the cores, at the 3
sampling dates for La Bergerie (n=50).
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1.2.3 Chemical temporal patterns
Temporal patterns for several parameters or elements, for the two tested treatments (saturated and
draining-rewetting on a 9 day frequency), in the middle of the cores, are shown on the next Figures:
Figure 1.5 for pH and SO2−4 ; Figure 1.6 for DOC and Fe; Figure 1.7 for Fe(II) and NH
+
4 ; Figure 1.8
for NO−3 and Ca
2+.
pH, SO2−4 . Figure 1.5. A minimum pH is reached after 9 days saturation and maintained at this
level afterwards, in the permanently saturated case. A slight pH increase is observed after draining-
rewetting, whatever the site. SO2−4 high levels of concentration are also reached after 9 days of
saturation and does not change for 45 days in the permanently saturated treatment. By contrast, the
draining-rewetting treatment results in a gradual SO2−4 decrease from one cycle to the other.
DOC, Fe, Fe(II) and NH+4 . Figure 1.6 and 1.7. The maximum DOC production is reached after
9 days saturation and maintained at this level afterwards in the permanently saturated case. On the
opposite, the draining-rewetting treatment results in a gradual small DOC decrease from one cycle to
the other. Total dissolved Fe and Fe(II) behave exactly in the same way with low concentrations at
day 9, increasing with time almost linearly, in the permanently saturated cores. On the opposite, the
draining-rewetting treatment results in similar (or small increase in Le Marais) concentrations from
one cycle to the other. NH+4 is produced in the cores with no significant differences between the
saturated case and the cores subjected to a second rewetting, whatever the site. An increase with time
is observed in all cores. Last rewetting data is missing (due to analytical problems).
NO−3 and Ca2+. Figure 1.8. After 9 days of saturation, NO
−
3 in the cores is high, by contrast
with the very low concentrations observed in the previous ”non-dessicated” experiments. NO−3 in
Le Marais is even higher than the inlet concentration, indicating net production. Afterwards, NO−3
decreases in a similar way in Le Marais down to very low values. The decreasing rate is lower in
La Bergerie, in the cores subjected to rewettings: the third rewetting still remains around 13 mg/L
NO−3 . The maximum Ca
2+ production is already reached after 9 days saturation and there is almost
no change for 45 days in the permanently saturated treatment. On the opposite, the draining-rewetting
treatment results in a gradual Ca2+ decrease from one cycle to the other.


























































Figure 1.5: Temporal pH and SO2−4 in the peat pore water from the middle of the column over the
two tested treatments: saturated (black bars), drained-rewetted cycle on a 9 day frequency (grey bars).


























































Figure 1.6: Temporal DOC and Fe in the peat pore water from the middle of the column over the two
tested treatments: saturated (black bars), drained-rewetted cycle on a 9 day frequency (grey bars).
The doted line figures the concentration level at the sampling site on sampling day. Error bars are the
standard errors, n=3





















































Figure 1.7: Temporal Fe(II) and NH+4 in the peat pore water from the middle of the column over the
two tested treatments: saturated (black bars), drained-rewetted cycle on a 9 day frequency (grey bars).
The doted line figures the concentration level at the sampling site on sampling day. Error bars are the






















































Figure 1.8: Temporal NO−3 and Ca
2+ in the peat pore water from the middle of the column over the
two tested treatments: saturated (black bars), drained-rewetted cycle on a 9 day frequency (grey bars).
The doted line figures the concentration level at the sampling site on sampling day. Error bars are the
standard errors, n=3































Figure 1.9: Aqueous speciation comparison between dessicated and non-dessicated experiment in Le
Marais, modelled by PHREEQC, accounting for cation-humic acid binding reactions. Water chem-
istry is from the permanently saturated cores at the end of the experiment. Units are in meq.L−1
1.2.4 Aqueous Speciation
The aqueous speciation within the water samples is accessed via modelling with PHREEQC (Parkhurst
and Appelo, 1999) coupled to Model VI [Tipping, 1998]. The classical PHREEQC database ”minteq.v4”
was completed by a database created by Remi Marsac (Marsac et al., 2011), based on Model VI from
Tipping (1998), to account for cation-humic acid binding reactions. Speciation was calculated on
the water chemistry from the permanently saturated cores at the end of the experiment, for the non-
dessicated (”from field”) and the dessicated (”after desiccation”) peats (data from Table 1.1). The
ionic strength was determined based on the electrical conductivity and fixed at 0.01 mol.L−1. The
electron activity (pe) was not measured in the experiment and thus freely calculated by PHREEQC.
Figures 1.9 and 1.10 illustrate the speciation of Le Marais and La Bergerie respectively.





























Figure 1.10: Aqueous speciation comparison between dessicated and non-dessciated experiment in
La Bergerie, modelled by PHREEQC, accounting for cation-humic acid binding reactions. Water
chemistry is from the permanently saturated cores at the end of the experiment. Units are in meq.L−1
• desiccation increases the mineralization content by around 34 % in both peats.
• relative to the speciation distribution (i.e. relative proportions), desiccation increases the CaSO4
and MgSO4 complexes
• it decreases the Fe phases (Fe2+ and FeSO4)
• it slightly decreases the relative proportions of Na+ and K+
• it maintains the relative proportions of Ca2+, Mg2+ and SO2−4
• similarly to the first ”non-dessicated” experiment, iron bonded to organic matter (Fe-OM) is
maintained at a high level (around 70 % of Fe is bounded) in Le Marais and at a very low level
(around 2 %) in La Bergerie
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1.3 Discussion
1.3.1 Sulphur production related to desiccation
As pyrite is recognised to be the dominant form in rapid S turn-over, the question is : may pyrite
oxidation totally explain the high level of sulphate? Iron concentration, as a product from the pyrite
oxidation reaction, is indeed higher when sulphate is higher. However it is not a good indicator
because Fe(II) does not remain in a soluble form at these low pH, but rather precipitates in iron
oxides. This is suggested by PHREEQC speciation results: Fe(OH)3 saturation index ranges from
0.13 to 2.41 in the four modelled waters. In this desiccation experiment, Fe concentrations are very
similar to the non-dessicated experiments.
In the present peat cores subjected to drying-out, sulphate concentrations are very high, although
decreasing with repeated draining. No anti-correlated relation is observed between nitrate and sul-
phate, contrarily to the previous experiments on non-dessicated cores. In the other experiments (both
in the static batches and the dynamic draining and rewetting) (see for example Figure 2.9 from next
Chapter 2 in this Part), a good agreement between the nitrate/sulphate stoichiometric ratio and the
pyrite oxidation mainly driven by nitrate as a strong oxidizer, were observed.
Pyrite as a source of sulphuric acid Pyrite accumulates in waterlogged soils where there is a sup-
ply of easily decomposed organic matter (Appelo and Postma, 2005). Bacteria, breaking down this
organic matter under anaerobic conditions, reduce dissolved sulphate ions to sulphides and Fe(III)
oxides to Fe(II). Pyrite is the stable end-product of these reactions. It is stable only under anaerobic
conditions. When oxygen enters the soil pyrite is oxidised, generating sulphuric acid. The reaction
of pyrite with oxygen is a slow process, but pyrite is rapidly oxidised by Fe(III) in solution (Dent,
1986). Fe(III) is thereby reduced to Fe(II), but Fe(III) is then regenerated from Fe(II) by the bacteria
Thiobacillus ferrooxidans. This catalytic oxidation of pyrite can take place only at pH less than 4,
because Fe(III) is soluble only under these very acid conditions. Most of the Fe(III) ultimately crys-
tallises as the reddish brown oxide goethite in mottles, coatings, and nodules within the soil. In our
experiment La Bergerie releases a large amount of sulphate and pH is around 4 or even lower, which
suggest that the catalytic pyrite oxidation by Fe(III) may take place. Moreover, PHREEQC modelling
shows that the dominant aqueous Fe-phase is FeSO4 (Figures 1.9 and 1.10) and that pyrite is strongly
under-saturated (saturation index around -130) in both peats. There is thus evidence that pyrite is
highly involved in the sulphate production in both peats.
Sulphur speciation in organic soils Sulphur (S) exists in soils in organic and inorganic forms in
various oxidation states, ranging from −2 to +6. Table 1.2 lists the sulphur species and their oxi-
dation state. Sulphur is involved in many biochemical processes, such as the synthesis of essential
amino acids, proteins, and enzymes. It can be retained in organic topsoil horizons by microbial incor-
poration into organic compounds (Fitzgerald et al., 1982). In wetland soils, SO2−4 is transformed into
H2S by microbial dissimilatory reduction (Wieder et al., 1987). Subsequently, it may be volatilized,
precipitated as sulfide minerals (Wieder and Lang, 1988a), or incorporated into organic compounds
(Casagrange et al., 1979).
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Table 1.2: Sulfur species and their oxidation state. From Prietzel, 2009(Prietzel et al., 2009)
Sulfur species Example Electronic oxidation state
Inorganic sulfide Type I S2 Troilite -2
Inorganic sulfide Type II S22− Pyrite -1
Elemental sulfur S0 Cystine 0
Organic polysulfide R–S–S–S–R′ +0.15
Organic disulfide R–S–S–R′ +0.2
Thiol R–SH Cysteine +0.5
Organic monosulfides R–S–R′ Methionine +0.5
Sulfoxide R–S=O Methionine sulfoxide +2
Sulfite SO2−3 Sodium sulfite +3.68
Sulfone R–S(=O)2 Phenyl sulfone +4
Sulfonate R–O–S–(O)2 Cysteinic acid +5
Ester sulfate R–O–SO3 Sodium dodecylsulfate +6
Inorganic sulfate SO2−4 Sodium sulfate +6
Although not analysed here, sulphur speciation in peatlands has been documented in several stud-
ies. Wet-chemical methods based on sequential extraction of S fractions have already highlighted the
large predominance of organic sulphur (Krairapanond et al., 1992) (Wieder and Lang, 1988a). New
methods based on X-ray absorption have significantly improved the speciation. Non destructive and
able to work on bulk samples they allow distinguishing organic S compounds in much more detail.
Prietzel et al. (Prietzel et al., 2009) showed that fast sulphur turnover in peatlands is highly dominated
by pyrite but ester sulfates may also contribute to SO2−4 production in alternating oxidation-reduction
cycles.
In the desiccation experiment, although mineralization rates were not measured, the important
nitrate production may suggest that mineralization occurs. Thus, organic ester sulphates may also
explain the high sulphate concentrations. As a overall conclusion, we can hypothesize that inorganic
S oxidation (mainly from pyrite) takes place, concomitantly to organic S mineralization.
In addition, this experiment agrees with the hypothesis made in Chapter 2 of Part II: the degra-
dation state of pyrite, instead of the total content, is a key factor. Total S and Fe contents have close
values in the two peats. Therefore, it is suggested that the two peats have accumulated an impor-
tant pyrite content under similar anaerobic conditions, throughout long time scales. It is concluded
that the drastically higher pyrite oxidation in La Bergerie is related to higher pyrite availability, i.e.
more surface degraded minerals due to more oxidizing conditions in the field. The desiccation exper-
iment makes sulphur more available in both peats and ends with higher acidities, suggesting that the
oxidizing conditions during the 5 months drying have indeed enhanced pyrite oxidation.
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1.3.2 Other consequences of desiccation
The high sulphate release results in higher acidity in these peats, which in turn contributes to bivalent
cation desorption which counteract the high negative charges induced by the high sulphate release.
Bivalent cation leaching is thus of concern after desiccation. PHREEQC modelling results show
that desiccation increases the CaSO4 and MgSO4 complexes (Figures 1.9 and 1.10), suggesting that
pyrite dissolution, by increasing SO2−4 , and indirectly Ca
2+ and Mg2+, induces CaSO4 and MgSO4
complexation.
DOC solubility is clearly controlled (and lowered) by the low pH: while most elements are sub-
jected to leaching, DOC is maintained at similar or even lower levels relative to the first experiment.
The rewetting also results in nitrate loss, which decreases with repeated rewettings. High nitrate con-
centrations are present concomitantly to Fe(II) and NH4, which suggest that the redox potential is not
adapted to nitrogen oxidation. Rather, organic nitrogen mineralization may be the dominant process,
which agrees with the hypothesis that mineralization occurs. Similarly to the first ”non-dessicated”
experiment, Fe bounded to organic matter (Fe-OM) is maintained at a high level (around 70 % of Fe
is bounded) in Le Marais and at a very low level (around 2 %) in La Bergerie after desiccation. It
appears that the low pH in La Bergerie explains these dramatic bounding differences. Peat from Le
Marais has thus a high complexing efficiency, while desorption mechanisms dominate in La Bergerie.
The active and notably total biomass is higher in this desiccation experiment relative to the more
humid previous experiment. Consequently, the 5 months drying-out has enhanced biomass growth.
Although no measures were made to qualify this biomass, we can suggest that drying-out has favoured
aerobic microbial communities which quantitatively exceed the formerly anaerobic communities.
Linked to this observation, the organic matter mineralization suggested by the important leaching,
may be enhanced by this newly developed aerobic communities. It is indeed well known that an in-
crease in the air-filled porosity of the peat affects microbial processes and thus decomposition rates.
Oxygen, acting as an optimal terminal electron acceptor for decomposition ((Freeman et al., 2004b)
(Laiho, 2006)), allows aerobic decomposition to take place at a higher rate. Depending on the organic
matter content, this rate has be shown to be twice faster (Geurts et al., 2010) to 50 times faster (Clymo,
1983) than anaerobic decomposition.
1.3.3 Field implication
As a overall result, the impact of desiccation in peats from le Cotentin (taking into account two rep-
resentative peat sites) seems to severely impact the peat structure by oxidation and mineralization
mechanisms, but also the catchment water quality by significant nutrient loss. Based on this study,
the current degraded peat state in La Bergerie may be better understood. As already explained previ-
ously, La Bergerie is in the close vicinity of a pumping well working since 1992. It was evidenced
that this peat layers are subjected to enhanced downward flow throughout the year (Auterives et al.,
2011), bringing more oxygen into the soil. This phenomenon could impact the peat (although less
intensively), similarly to desiccation which also enhances aerobic processes. The current peat state,
depleted in C, N and Ca but somewhat enriched in Fe relative to the reference site, suggests indeed
that nutrient leaching takes place (see Section 1.5 in Chapter 1 of Part II). In addition soluble or-
ganic carbon, total and active biomass are also lower in this peat (see Table 1.1) suggesting that long
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term nutrient leaching has decreased the microbial communities. The observed biomass increase in
the desiccation experiment, by growing aerobic micro-organisms, is thus not reflected in this site. A
plausible explanation is that, while turning quickly from humid to more dry conditions enhances mi-
crobial growing, it is not maintained on larger time scales. Rather, nutrient depletion on long periods
is a limiting factor to microbial aerobic growth. However, the peat pumping site is highly sensitive to
desiccation, i.e. nutrient leaching occurs at a high level. These results correlate well with field obser-
vations (Auterives, 2006) (Bougon et al., 2009): e.g. peaks of SO2−4 and Ca
2+ were correlated with
acidity increase after water level rise and were more intense in the ”pumping site”. Finally, important
soil subsidence is occurring in the peat around the pumping site, even on a landscape scale, creating
holes and bumps resulting in serious agronomic problems. This observation gives prominence to the
mineralization occurrence.
Conclusion
This experiment aimed to study the impact of peat desiccation on overall pore water chemistry. Peat
cores were allowed to naturally dry-out for 5 months in the laboratory at 4◦C. Final humidity was
around 60 %. Peat was then rewetted, and depending on the experimental design, subjected to re-
peated draining and rewettings. Comparison with the previous experiment on cores directly used
from the field with an averaged humidity of 80 %, outlined significant differences.
Major results are:
• Very high sulphate release at first rewetting, decreasing gradually after repeated rewettings.
• As a result, pH values are lowered, i.e. until less than 4 in peat from La Bergerie.
• Bivalent cations (Ca and Mg) are highly released. The low pHs, may favour high bivalent
desorption.
• DOC is similar to the 80 % humidity peat, explained by pH buffering (low pH maintains low
DOC solubility).
• Nitrate is produced in the first rewetting, which was not the case in the 80 % humidity peat.
Because of concomitant Fe(II) and NH4 presence, nitrogen oxidation is not expected to occur,
but rather organic nitrogen mineralization.
• C biomass is increased relative to the 80 % humidity peat, suggesting that drying-out has
favoured aerobic microbial communities growth.
• The desiccation experiment agrees with the hypothesis that the degradation state of pyrite, in-
stead of the total content, is a key factor to explain higher pyrite oxidation.
Temporal patterns, as well as the presence or absence of redox-sensitive elements which informs
about the range of redox potential, support the idea that high sulphate levels are not only a result of
pyrite oxidation, but rather that mineralization is also occurring, involving organic sulphate esters.
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As a overall overview, desiccation in peats from le Cotentin, taking into account two representa-
tive peat sites, seems to severely impact the peat structure by enhancing oxidation and mineralization
mechanisms, resulting in a dramatic acidification, significant nutrient loss and impacting the catch-
ment water quality. In addition, the impact on the peat structure and the biochemical functions leads
to perennial alteration and retro-active mechanisms inducing even more alteration.
Chapter 2
Sensitivity of peat chemistry to water
recharge quality
Introduction
The modelling results presented in Chapter 3 of Part I have highlighted that the anthropogenic im-
pacts (both pumping and climate change) affect the wetland water level but also the water budget
partitioning. The Cotentin wetland behaves globally as a discharge zone from the aquifer but this
does not exclude more local reversed flows and stream contribution. For example doubling the water
extraction in Sainteny catchment results in a downward flow (from wetland to aquifer) increase of
11 % (see Figure 3.8 in Chapter 3 form Part I). The origin of the water contributing to the wetland
recharge is thus modified and consequently the water quality differs.
Changes in wetland water recharge quality have important consequences for the preservation of
these freshwater ecosystems. Previous studies on wetland restoration have stressed the need for the
restoration of both water quantity and water quality to prevent unexpected chemical reactions, like
(internal) eutrophication (Van Dijk et al., 2004) (Lamers et al., 2002) (Loeb et al., 2007). Understand-
ing these processes and their microbial mediators are of relevance in wetland restoration. Indeed,
re-wetting peat with a water quality different from the original wetland may result in complex feed-
backs. pH may both increase or decrease depending on the water quality, the organic matter state
and the peat iron content (Lamers et al., 2002). pH increase may increase PO3−4 availability and raise
O.M. decomposition (Lamers et al., 2002). On the other hand, pH decrease is expected to enhance
metal mobility, like Al, but to decrease DOC solubility (Reddy and Delaune, 2008).
Within the scope of water quality degradation in the wetlands of Normandy, the present study
focuses on understanding the chemical processes in the peatlands, related to two different re-wetting
waters: a natural stream water and a natural groundwater.
In order to test this, a laboratory experiment was conducted in peat cores from La Bergerie. Wa-
terlogged peat cores were kept saturated during 15 days, and peat pore water was regularly monitored
for a large set of chemicals. Four replicates were used at each sampling date, resulting in a total of 56
microcosms.
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2.1 Materials and methods
2.1.1 Peat sampling
The peat cores were collected close to the pumping site La Bergerie. All samples were collected
on one day (end of March 2009) under dry conditions. At this time the water level was at 55 cm
below soil surface. Peat was collected at randomly selected plots (10 x 10 m area) in the unsaturated
zone, just above the water table. This sampling layer was chosen to be in the range of the water
table fluctuation, i.e. this peat was saturated at high water level and unsaturated at low water level
periods. Replicated samples were obtained directly in push cores (6.4 cm diameter, 9 cm height) that
were further used in the experiment. Caution was taken to minimize the disturbance of layers during
collection and storage. The peat cores were thus bulk samples, preserving the field structure. The
cores were put in polyethylene bags and returned to the laboratory within 6 hours. Peat material was
characterized for physical structure, chemical nutrient content and biomass. Results were reported
previously in Chapter 1.5 of Part II.
2.1.2 Experiment set up and monitoring
The experiment was carried out in an open microcosm system designed to approach the field con-
ditions. Samples were waterlogged by the two tested waters and kept saturated throughout the 15
days experiment by immersing the peat cylinders in (mason) jars (see Figure 2.2). At the top of the
core, a 1 cm water stratum enabled complete peat saturation all along the 15 days period to coun-
teract evaporation loss. For each microcosm, peat and added water weights were measured (Table
2.1). Based on these data, a volume of 32 mL on average is required to saturate the peat cores. Peat
humidity (24 h oven dry at 105◦CC) was also measured on six sub-samples and gives an average
value of 79 ± 2 %. Water was sampled in each peat core by use of 3 soil moisture samplers (Rhizon
19.21 from Eijkelkamp), at each date of measurement: day 1, 2, 3, 4, 6, 8, 11 and 15 (see Figure
2.1). The immersion water (i.e. around the cylinder) was also sampled on days 2, 8 and 15 to allow a
total mass balance on the system. It also allows to check the diffusion between the peat core and the
surrounding water. Jars containing only the two waters served as control. Four replicates were used
at each sampling date, with a total of 56 microcosms. In addition, the jars can be closed (air-tight) for
punctual incubation to allow gas analysis.
The peats cores were waterlogged either by a surface water collected from the river (the Holerotte)
and a groundwater from a well (F1) at 40 meters depth. These two waters are from the vicinity of the
collected peat site in La Bergerie. Chemical characteristics of these waters are given in Table 2.2.
Major differences between the two waters are (i) groundwater is globally more enriched in ions
(around 7 meq/L for groundwater with respect to 5 meq/L for surface) (ii) groundwater has higher
carbonate concentrations (alkalinity is 5.08 mmol/L for groundwater and 2.87 mmol/L for surface
water) and (iii) groundwater has a higher nitrate content (37 mg/L compared to 18 mg/L in the surface
water). The pH values are similar. Consequently, the discriminatory factor between the two waters is
mostly due to their hardness (which is 6.33 meq/L for groundwater and 4.03 meq/L for surface water)
and their nitrate content.
A temperature of 15 ◦C was used and was intended to speed up the rate of nutrient mobilization.










Figure 2.1: Microcosm design: peat in perforated Plexiglass cylinders is immersed in free water
Table 2.1: Volumes involved in the microcosm experiment. Values are averaged over 56 samples and
are in mL
Volumes average standard deviation
Peat volume 289.3 9.2
Water volume into peat before saturation 212.7 8.8
Water volume into peat after saturation 244.4 9.0
Water volume to saturate the peat cores 31.7 12.5
Water volume added for immersion 570.0 10.6
Headspace (air) volume 141.3 7.4
It is somewhat higher than the average field temperature (around 12 ◦C) but still in the field range.
A three day period was used to reach stabilization in the laboratory conditions (previously checked
by CO2 analysis: after 3 days this respiration indicator has stabilized –results not shown). The two
waters were also allowed to equilibrate with the atmosphere, i.e. their oxygen level is similar.
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Figure 2.2: Microcosm design
Table 2.2: Surface (SW) and groundwater (GW) chemistry. In the experiments O2 is allowed to equili-
brate with the atmosphere before entering in contact with the peat microcosms, i.e. O2 concentrations
are similar in the two waters
SW GW SW GW
pH 7.54 7.65 Ca2+ (mg.L−1) 57.7 110.2
EC (µS.cm −1) 478 545 Mg2+ (mg.L−1) 14 10
Eh (mV) 431 422 Na+ (mg.L−1) 27 18
Cl−(mg.L−1) 37 30.4 K +(mg.L−1) 5.4 2.8
NO−3 (mg.L
−1) 18.3 36.6 Fe (µg.L −1) 612 942
SO−4 (mg.L
−1) 20.2 11.5 DIC (mg.L−1) 40.0 70.4
O2 (mg.L−1) 3.2 2.2 DOC (mg.L−1) 2.5 0
2.1.3 Chemical analysis of the water samples
Water samples were analysed for a large set of parameters and ions.
The pH was measured with a combined Mettler InLab electrode after a calibration performed with
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WTW standard solutions (pH 4.01 and 7.00 at 25 C). The accuracy of the pH measurement is 0.05 pH
units. The electrical conductivity (EC) was measured by a Consort electrode C533 which accuracy is
of 0.01 µ S/cm. The redox potential (Eh) was measured by a Mettler Platinium 4805 electrode which
accuracy is of 1 mV.
Dissolved organic carbon was analysed with a Total Organic Carbon analyser (Shimadzu TOC-
5050A). The accuracy of DOC measurement was estimated at 3% (by using a standard solution of
potassium hydrogen phtalate). Dissolved inorganic carbon was also measured with the Shimadzu
TOC-5050A with an accuracy of 0.2%.






4 ) concentrations were measured by ion chromatogra-
phy (Dionex DX-120): the uncertainty was below 4%. Major cation (Ca2+, Na+, K+, Mg2+, Mn2+,
Fe) concentrations were determined by ICP-MS (Agilent 4500), using indium as an internal stan-
dard. The international geostandard SLRS-4 was used to check the validity and reproducibility of
the results. Typical uncertainties including all error sources range from 2 to 5%, depending on the
concentration.
Fe(II) concentration was measured by the 1.10 phenantroline colorimetric method, AFNOR NF
T90-017 (AFNOR, 1997), using a UV visible spectrophotometer. Estimated uncertainty is 1%. NH4
concentration was measured by the salicylic colorimetric method, DIN 38 406 part 23, section 2 and
ISO/DIS 11732, using an automatic UV visible spectrophotometer No. G-102-93 Rev. 4 from Bran
and Luebbe. Estimated uncertainty is 2%.
Finally, CO2 was analysed by a micro gas chromatograph 3000 (from SRA Instrument) after one
hour incubation. Estimated uncertainty is 1%.
2.1.4 Statistical analyses
Relationship between chemicals
A large range of chemicals were followed in our experiment to allow a comprehensive study of the
inter-related reactions involved. To help finding out which reactions are likely to occur, a correlation
analysis is carried out. First a principal component analysis (PCA) is carried out to help categorize
the set of chemicals. Secondly, a multi-correlation matrix is calculated (by the Pearson r coefficient).
This test assumes that the measurements have a bivariate normal distribution. If this assumption is
not met for a large number of bivariates, a logarithmic transformation of all the data is tested. If this
transformation does not improve the situation, a non parametric test is used instead on the correspond-
ing set of data : the Spearman’s rank correlation. Statistics are carried out with R (Foundation for
Statistical Computing, 2010).
Comparison between the two treatments
One of the objectives of the experiment is to answer the question: is there a significant difference in
reactivity between peat submitted to two different water compositions? Before running the statistical
tests, the assumptions underlying these tests are checked: normal distribution of data (by Shapiro-
Wilk test and histogram shape), equality of the variances (by Levene’s test), similar distribution shape
(by Kolmogorov-Smirnov test). On the set of data allowing a parametric test, an analysis of variance
is carried out. All pair of means are then tested with the Tukey-Kramer test, using the water type
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as explaining variable. On the set of data allowing only non-parametric tests, all pair of means are
compared by the Mann-Whitney U-test. The level of confidence is set to 95 % . Likewise, statistics
are carried out with R (Foundation for Statistical Computing, 2010).
2.2 Results

























Figure 2.3: Changes in electrical conductivity (EC) and redox potential (Eh) during the 15 days
incubation. Red lines : surface water; black lines: groundwater. Bold lines: peat pore water; dotted
lines: ”outside” water; thin lines: controls
The two treatments show similar temporal patterns, and at first view do not reflect a high difference
in peat reaction. For most of the chemicals, the 4 replicates show low standard deviation, reflecting
the good ability of the peat samples and the experiment set up to control the reaction rates. However,
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Figure 2.4: Changes in Cl, pH, NO3 and SO4 during the 15 days incubation. Red lines : surface
water; black lines: groundwater. Bold lines: peat pore water; dotted lines: ”outside” water; thin lines:
controls
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Figure 2.5: Changes in DOC, DIC, Fe(II) and Fe during the 15 days incubation. Red lines : surface













































0  5  10  15 Days 
K µg/L 
Figure 2.6: Changes in Ca, Mg, Na and K during the 15 days incubation. Red lines : surface water;
black lines: groundwater. Bold lines: peat pore water; dotted lines: ”outside” water; thin lines:
controls









































0  5  10  15 Days 
NH4 mg/L 
Figure 2.7: Changes in CO2, Mn and NH4 during the 15 days incubation. Red lines : surface water;
black lines: groundwater. Bold lines: peat pore wataer; dotted lines: ”outside” water; thin lines:
controls
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Table 2.3: Balance between day 2 and day 15 on some elements
Surface water Groundwater
inside water outside water inside water outside water
NO−3 (mg/L) -3.99 ± 1.48 -4.49 ±1.18 -9.75 ±1.38 -11.27 ± 0.75
Mass balance total system (mg) -3.39 ± 0.45 -8.44 ± 0.35
SO2−4 (mg/L) -2.52 ± 7.33 12.94 ± 1.70 -4.55 ± 6.23 9.75 ± 3.19
Mass balance total system (mg) 6.35 ± 1.79 4.14 ± 1.56
Dissolved inorganic carbon (mg/L) 1.54 ± 0.73 -11.60 ± 0.49 -3.74 ± 1.57 -21.23 ± 1.16
Mass balance total system (mg) -5.86 ± 0.18 -12.33 ± 0.39
Dissolved organic carbon (mg/L) 25.64 ± 6.81 8.78 ±0.96 16.87 ± 5.30 9.37 ± 1.14
Mass balance total system (mg) 10.98 ± 1.68 9.16 ± 1.31
pH (units pH) -1.37 ± 0.15 -1.11 ±0.23 -1.78 ± 0.36 -0.62 ± 0.11
Mass balance total system (units pH) -0.93 ± 0.21 -0.77 ±0.20
The temporal patterns of the main chemicals analyzed are illustrated in Figures 2.4, 2.5, 2.6 and
2.7. Each graph shows 6 curves: (1) the controls. i.e. the surface water and groundwater alone (thin
lines) (2) the waters extracted from the peat for the two treatments (Figure 2.1 ”inside”) (bold lines)
and (3) the waters around the peat cylinders (Figure 2.1 ”outside”) (dotted lines). For both curves (2)
and (3), the 4 replicate means and standard errors are shown. In addition, a mass balance between
the beginning and the end of the experiment (day 15 - day 2) is calculated for several elements and
reported in Table 2.3. Mass balance on the total system is calculated by taking into account the
volumes of the two water bodies in the microcosm: i.e. the ”inside” water and the ”outside” water
(Figure 2.1 and Table 2.1) where reactions occur. This mass balance is intended to give a complete
picture of the microcosm.
Electrical conductivity and redox environment (Figure 2.3)
The electrical conductivity (EC) in the peat pore water is lower than the EC in the surrounding water
saturating the cylinder which is in turn lower than the EC in the control, at the beginning of the
experiment. However after 15 days, for both treatments, the ECs in the microcosms become similar.
ECs tend to homogenize in the total microcosm system. EC in the groundwater declines, related
to carbonate precipitation (see later). The redox potential (Eh) shows high standard errors, making
trends difficult to estimate. However, the surface water seems to have higher Eh, i.e. a less reductive
environment than the groundwater treatment. In addition, the outside waters seems to show Eh decline
in time.
Cl−, pH, NO−3 and SO
2−
4 (Figure 2.4)
Cl− Chloride concentrations show some random fluctuations in the peat water, probably reflecting
the intrinsic peat heterogeneity between replicates. A linear increase is visible in the controls, due to
evaporation: on average, a 1 % per day evaporation is calculated.
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pH For both batch treatments, pH in the peat pore water decreases dramatically whereas no change
occurs in the controls. The final pH after 15 days is 4.4 and 4.8 (on average) in the surface water and
the groundwater treatments respectively. The surrounding pH water also decreases. Results of the
balance between day 2 and 15 are shown in Table 2.3: surface water microcosm pH declines by 0.93
units (SD: 0.21) while groundwater microcosm pH declines by 0.77 (SD: 0.20).
NO−3 Both treatments behave in the same way with an exponential decrease. The outside water con-
centrations also decrease, although the values are at least 2 orders of magnitude higher than the inside
waters. Mass balance (Table 2.3) indicates a decline of 3.4 mg (SD: 0.4) in the surface water micro-
cosm and a decline of 8.4 mg (SD: 0.3) in the groundwater microcosm. Nitrate remains unchanged in
the controls.
SO2−4 Sulphate is clearly produced in all the microcosms. The surface water treatment produces a
maximum of 64 mg/L sulphate in the peat pore water relative to an inlet concentration of 21 mg/L. The
groundwater treatment produces a maximum of 46 mg/L sulphate relative to an inlet concentration of
11 mg/L. Mass balance (Table 2.3) results in a net increase of 6.3 mg (SD: 1.8) in the surface water
microcosm and 4.1 mg (SD: 1.5) in the groundwater microcosm. However, sulphate seems to decline
in the peat pore waters for both treatments during the last experiment period (after day 8).
DOC, DIC, Fe and Fe(II) (Figure 2.5)
Dissolved Inorganic Carbon Dissolved inorganic carbon (DIC) decreases in both treatments. The
complete microcosm is dramatically depleted in DIC, as can also be seen in the mass balance calcu-
lation (Table 2.3). It can be noticed that DIC precipitates in the groundwater control (saturation index
SI relative to calcite is 10.6), while no change occurs in the surface water control (SI of 0.2).
Dissolved Organic Carbon Dissolved organic carbon (DOC) is produced in both treatments and
increases exponentially (see also the mass balance on the complete microcosm in Table 2.3). At day
15 the increasing rate is still going on, reaching around 33 mg/L and 27 mg/L in the surface peat pore
water and the groundwater peat pore water treatments respectively.
Iron The total Fe concentration measured by ICP-MS increases from day 4 in the peat pore water
and is clearly related to the appearance of Fe (II).
The cations: Ca2+, Mg2+, Na+ and K+ (Figure 2.6)
The major cations are lower in the microcosms than in the controls. The cations of valence 2, Ca2+
and Mg2+, show similar trends, i.e. an exponential decrease. It can be noticed that Ca2+ decreases
exponentially in the groundwater control. This decrease can be again related to calcite precipitation
like already noticed for the DIC decrease. Na+ is also lower in the microcosms. K+ overall trend
shows a similar behaviour, however a peak concentration is observed on day 2.
2.2. RESULTS 157
CO2, Mn and NH+4 (Figure 2.7)
CO2 CO2 production is high at day 1 (surface water 72.8 (SD 6.4), groundwater 85.0 (SD 8.1)
µg/g/day) and then decreases exponentially with time. At the end of the experiment concentrations
are around 20 µg/g/day. CO2 concentration in the controls remains very low.
NH+4 Methane is indeed present along the experiment, but at low concentrations. No trend, but
random fluctuations are observed, even in the controls.
Mn Mn increases until day 8 in the peat pore water while the surrounding water (and the control)
remains at low concentrations.
2.2.2 Relationship between elements
Figure 2.8 shows a graphical view of the Principal Component Analysis (PCA) : the samples distri-
bution, the parameters distribution on components 1 and 2 (respectively 49 and 18 % contribution to
the total variance) and components 1 and 3 (10 % contribution to the total variance) and the ”ward”
dendogram. Pearson correlation coefficients are also computed : results are presented in Appendix C.
Fe and Fe(II) are strongly correlated (r=0.979) and therefore only Fe is kept in order to not distort the
analysis.
The PCA differentiates the groups DOC-Fe-Mn2+ and SO2−4 on one side, and pH-Ca
2+-Mg2+-
DIC and NO3− on the other side of the first component. The first group of elements are increasing
along the experiment, while the other elements are decreasing. The second component integrates the
variance of Cl−, Na+ and K+.












































































































































































































































































































































































































































































































































































































































A major part of Fe and SO2−4 concentrations may be the result of the oxidation of inorganic iron
sulphur containing minerals (e.g. pyrite FeS2). Oxidation of pyrite or other metal-sulfide minerals
by oxygen or nitrate has a large environmental impact and plays a key role in the formation of acid
sulphate soils resulting from drainage of lowlands (Appelo and Postma, 2005) (Rimstidt and Vaughan,
2003). Consequently, the low pH in this peat pore water may result from sulphur oxidation to SO2−4
which produces H+ (Pearson coefficient is -0.531), rather by oxygen or NO3−. The possible reactions







H 2O Fe(OH)3 + 2 SO2−4 + 4 H+
FeS2 + 3 NO3− + H2O FeOOH +
3
2
N 2 + 2 SO2−4 + H
+
Figure 2.9 shows a bi-variant plot of NO3− versus SO2−4 in meq/L. As NO3
− is strongly anti-
correlated with SO2−4 (Pearson coefficient is -0.721) it can be suggested that NO3
− is indeed a strong
oxidizer. The stoichiometric equivalence highlighted in Figure 2.9 argues that the oxidation of pyrite
is mainly driven by NO3−. Fe is coupled with DOC (Pearson coefficient is 0.859) which suggest that
Fe is rapidly complexed with colloidal organics (Steinmann and Shotyk, 1997). DOC is increasing
in both experiments: it can be suggested that the pH increase due to the peat wetting by a 7.5 water
pH increases negative charges within the carboxylic or phenolic groups, leading to more hydrophilic
organic carbon (Reddy and Delaune, 2008) which solubility increases (see Figure 2.10). pH is found
together with Ca2+, Mg2+ and DIC on the PCA. Surprisingly, the common solubilization of carbon-
ates or clays in an acidic environment, resulting in cations leaching is not occurring here. Conversely,
the bivalent cations entering in the peat are partly depleted in the peat pore water and the surround-
ing water. A possible explanation is again that the increasing negative charges within the carboxylic
or phenolic groups induced by a 7.5 water pH makes cations binding more efficient (Figure 2.10)
(Skyllberg and Magnusson, 1995).
K+ and Na+ are orthogonal to the bivalent cations. This suggest that while the bivalent cations are
readily adsorbed within the peat, the mono-valent cations are more mobile. This agrees with the pref-
erential cations order of binding to exchange sites which is : Al3+ > Ca2+ > Mg2+>K+=NH+4 >Na
+
(Appelo and Postma, 2005).
Finally the CO2 flush just after flooding may be explained by enhanced micro-organisms respira-
tion.























Figure 2.9: Plot of NO3− versus SO2−4 in meq/L. Black dots are the peat pore water data and red
squares the ”outside” water data. The thin dotted line illustrates the stoichiometric one by one equiv-


























Figure 2.10: (a) Extent of negative charge in soil organic matter as a function of pH. (b) Soil organic
matter complexation with metals (M = metal). After Reddy and DeLaune (Reddy and Delaune, 2008)
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2.3.2 Comparison between the two treatments: surface water and groundwa-
ter
As a first insight on the overall chemical trends, the peat pore water seems mainly controlled by
equilibrium states and redox constraints. The microcosms approach similar concentrations within
the two water treatments, suggesting that the peat is efficient in ” buffering ” the water composition.
However, appropriate statistics enable to point out statistical significant differences. First, the samples
distribution plotted on the PCA from Figure 2.8, panel B discriminates 4 groups based on the ”ward”
dendogram in panel C. Surface and groundwater samples are spatially differently distributed, although
there is no strict discrimination in group number 3 where some surface water samples are included.
In addition, a temporal pattern, for both treatments, may be observed. Basically, the groundwater
treatment starts in a ”carbonated” pole and moves to a more neutral zone (no predominant variance
of the chemical parameters). The surface water treatment starts in a neutral zone and moves to a
”sulphate” dominated pole. This suggests that the surface water treatment induces more oxidizing
conditions.
Because the PCA highlights possible differences between treatments, an analysis of variance is
carried out. First the normality of each chemical variable is tested. If the data is not normal, the shape
of the distributions is compared (must be similar for non parametric tests). Finally the equality of the
variances is checked. Table 2.4 synthesizes these results.
Table 2.4: Test on the normality of the data and the equality of the variances
Normal Non normal Similar
Bold: variances are equal — Italic: variances are not equal shape distribution
pH NO−3 K+ Ca2+ NO
−
2 yes
Eh SO2−4 Mg2+ CO2 PO
3−
4 yes
EC DOC Si Fe and Fe(II) NH4 yes
Cl− Na+ Mn2+ DIC Alkalinity yes
Logarithm transformation of the data does not help to increase the number of normal distributed
parameters. The non normal data has a similar distribution shape (skewed right or left) between the
two treatments: a non parametric test is thus possible. For some parameters, the variances are not
equal. However this assumption can be ignored, assuming the analysis of variance is not very sensi-
tive to this violation (sample size n = 48). On the normal distributed data, an analysis of variance is
carried out using the water type as explanatory variable. Results are presented in Table 2.5. Confi-
dence interval is taken at 95 %, which means that if P-value is less than 0.05, the difference between
treatments is significant. On the non normal distributed data, a Mann-Whitney U-test is carried out
on each pair of variables. Results are presented in Table 2.6.
Statistical results highlight differences between treatments. The elements will be discussed from
low P values to higher P values, i.e. from high absolute differences to lower absolute differences.
Firstly, NO−3 decrease is different, probably due to different inlet concentrations: surface water
inlet is 18 mg/L while groundwater inlet is 37 mg/L. It can be noticed that, in the surface water
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Table 2.5: Analysis of variance to point out statistical differences between the two water treatments
on the normal distributed data. Degree of freedom: 1 for the water treatment, 46 residuals. confidence
interval is taken at 95 %
Variables Sum of squares Mean square F P Difference
pH Between treat. 3.5 3.5 4.8 0.03 yes
Within treat. 33.1 0.7
Eh Between treat. 963. 9631 1.2 0.36 no
Within treat. 1563 26
Cl− Between treat. 39 39 3.0 0.009 no
Within treat. 256 5
NO−3 Between treat. 992 992 33.4 6.179e-07 yes
Within treat. 1365 29
SO2−4 Between treat. 904 904 9 0.003 yes
Within treat. 4419 96
DIC Between treat. 309 309 8.3 0.005 yes
Within treat. 1705 37
DOC Between treat. 574 574 4.7 0.034 yes
Within treat. 5588 121
Na+ Between treat. 102337825 102337825 28.65 2.672e-06 yes
Within treat. 164329530 3572381
Mg2+ Between treat. 6552 6552 0.004 0.95 no
Within treat. 77062020 1675261
K+ Between treat. 9406304 9406304 0.49 0.4851 no
Within treat. 873327281 18985376
Ca2+ Between treat. 1442304449 1442304449 12.62 0.0009 yes
Within treat. 5255891699 114258515
Mn2+ Between treat. 26574 26574 1.60 0.21 no
Within treat. 761429 16553
Fe Between treat. 25687881 25687881 9.32 0.002 yes
Within treat. 421245666 9157514
CO2 Between treat. 125 125 8.05 0.009 yes
Within treat. 963 63
treatment, NO−3 decrease is faster at the very beginning (day 1) of the experiment. This suggest that
reduced conditions are faster established in this treatment, as agrees with the lower Eh (Figure 2.3)
at this specific stage. In addition NO−3 ends at a lower concentration after the 15 days experiment.
On the other hand, NO−3 reduction rate is higher in the groundwater treatment, which agrees with the
theoretical kinetics: a higher level induces a higher reduction rate (Appelo and Postma, 2005).
Secondly, Na+ also shows a high difference: this element has a low binding capacity (remind
preferential cation binding order reported before), which makes it sensitive to the inlet level of con-
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Table 2.6: Statistical significance between the two treatments on the non normal distributed data —






centration. As Na+ is quite higher in the surface water, this difference is maintained in the microcosm.
Thirdly, Ca2+ shows a different trend: the almost twice higher inlet concentration in the ground-
water is reflected in the microcosm, in the first experimental period, and then attenuates at the end of
the experiment. This suggest that the Ca2+ concentrations are not limited in their binding capacity to
the organic matter (Figure 2.10).
Fourthly, SO2−4 , DIC, Fe and Fe(II), alkalinity and CO2 show statistical differences. Finally, pH
and DOC also show differences. The surface water treatment produces more SO2−4 , Fe and Fe(II)
and results in lower pH values. The already discussed pyrite oxidation reaction agrees with these
concentration levels. This suggest that the surface water treatment favours oxidation relative to the
groundwater treatment. And this, despite a lower NO−3 inlet concentration which was demonstrated to
be a powerful pyrite oxidizer. The surface water contains 2.5 mg/L DOC while it is below detection
limit in groundwater. We suggest that the surface water treatment induces more oxidizing conditions,
probably related to a higher biologically catalytic efficiency.
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Conclusion
This experiment tested the chemical behaviour of bulk peat cores to saturation with two different
waters contributing to the peatland recharge in the field. Groundwater taken from below the wetland
and river water in the close vicinity were used. These two waters are mainly differentiated by their
hardness and their nitrate content, both higher in the groundwater. There are small amounts of DOC
(2.5 mg/L) in the surface water, while the concentration is below detection limit in the groundwater.
Oxygen and pH are similar.
Both treatments appear to involve similar reactions, mainly nitrate decrease, sulphate, (total and
ferrous) iron and dissolved organic carbon production. Iron sulphide (e.g. pyrite FeS2) oxidation
produces high SO2−4 concentrations. The nitrate/sulphate anti-correlation suggests that nitrate behaves
as a strong oxidizer. In addition, this reaction explains the level of acidification.
Fe is coupled with DOC which suggests that Fe rapidly complexes with colloidal organics. DOC
is increasing in both experiments: it can be suggested that the pH increase due to the peat wetting by
a 7.5 water pH increases negative charges within the carboxylic or phenolic groups, leading to more
hydrophilic organic carbon which solubility increases. Likewise, these increasing negative charges
make cations binding more efficient resulting in cations decrease.
Regarding the differences between the two treatments, the surface water treatment produces more
sulphate, iron and DOC which seems to demonstrate that more oxidation occurs. We argue that
surface water has a slightly higher biologically catalytic efficiency.
Finally, in a wetland restoration perspective, it appears that in the Cotentin peatlands the type of
water contributing to the wetland water level increase is not dramatically impacting the peat biochem-
ical functioning, at least not in the range of the two tested waters. We may conclude that an increase
of the contribution of one or the other of these water sources may not be damaging. However the
laboratory experiment gives a short term perspective. The relatively higher oxidation efficiency of
surface water may, on long time scales, significantly impact the peatland. This agree with the ob-
served differences in peat state and oxidation sensitivity between Le Marais and La Bergerie reported
in Chapter 2 of Part II. Surface water and stream water are indeed more contributing to the peatland







Cette e´tude a e´te´ initie´e par le Parc Naturel Re´gional du Cotentin et du Bessin afin notamment de
re´pondre aux questions suivantes: (1) mieux comprendre le fonctionnement hydrologique des zones
humides dans le bassin hydrologique global, incluant la nappe souterraine et les eaux de surface
(2) mesurer l’impact sur les zones humides d’une augmentation du pompage dans la nappe, et du
changement climatique (3) e´tudier l’impact de ces changements sur le fonctionnement biochimique de
la tourbe. L’objectif ope´rationnel est d’aider au dimensionnement des futures mesures conservatoires.
La de´marche suivie est restitue´e en trois grandes parties.
Partie I: L’hydrologie du syste`me
1. Une caracte´risation de la zone humide comple´te´e par une e´tude ge´ophysique de l’e´paisseur des
tourbes.
2. Une caracte´risation de l’aquife`re par datation des eaux et analyses chimiques.
3. Une mode´lisation nume´rique en 3 dimensions pour de´terminer les impacts respectifs d’une
augmentation du pompage et du changement climatique.
Partie II: L’impact de fluctuations rapides des niveaux d’eau sur les processus biochimiques: le
court terme
1. Une caracte´risation des processus biochimiques dans l’eau au contact de la tourbe en re´ponse a`
une alternance de cycles ae´robies/anae´robies (a l’e´chelle du court terme).
2. Les diffe´rences globales de comportements lors de cette dynamique de fluctuations pour estimer
leurs effets be´ne´fiques ou non, par rapport a` des conditions stagnantes.
3. Une approche pre´liminaire de la re´ponse de la biomasse et des communaute´s microbiennes en
fonction des alternances et sites e´tudie´s.
Partie III: L’impact de changements environnentaux sur les processus biochimiques: le long
terme
1. L’impact de la dessiccation de la tourbe suite a` un asse`chement prolonge´
2. L’impact de la recharge de la tourbie`re par deux types d’eau, soit une eau de cours d’eau et une
eau souterraine.
Cette partie de synthe`se ge´ne´rale re´capitule les re´sultats majeurs obtenus en re´ponse a` ces ques-




Les me´thodes de caracte´risation de l’aquife`re utilise´es dans cette e´tude (datation et chimie des eaux,
ge´ophysique, mode´lisation, biochimie), ont montre´ leurs comple´mentarite´s et permis d’acque´rir une
compre´hension globale du syste`me.
A: Compre´hension conceptuelle du fonctionnement de l’aquife`re
Une synthe`se des donne´es pie´zome´triques disponibles depuis le de´but des anne´es 1990 a tout
d’abord permit de reconstruire la carte pie´zome´trique du bassin aquife`re de Sainteny-Marche´sieux.












Figure 1.1: Carte pie´zome´trique synthe´tique du bassin aquife`re
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Une premie`re approche a utilise´ la datation des eaux souterraines par le dosage de trois traceurs
chlorofluorocarbone´s (CFC) et de l’hexafluorure de soufre (SF6), combine´e a` l’analyse chimique de
ces eaux. Elle a permis d’acque´rir une compre´hension conceptuelle de l’aquife`re. La Figure 1.2
synthe´tise ce mode`le conceptuel et met en e´vidence une bonne concordance des re´sultats de
datation par rapport a` la carte pie´zome´trique.
Les eaux e´chantillonne´es re´fle`tent une distribution verticale des temps de re´sidence. Des eaux
plus jeunes sont capte´es dans les horizons supe´rieurs de la zone de recharge, des eaux plus age´es sont
capte´es en profondeur ou dans la zone de de´charge. Cette analyse a permis d’acce´der au temps de
re´sidence moyen des eaux dans l’aquife`re: il est estime´ a` environ 55 ans, cohe´rent avec une datation
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Figure 1.2: Mode`le conceptuel repre´sentant le fonctionnement de l’aquife`re: une zone de recharge
situe´e a` l’ouest-sud-ouest, juxtapose´e a` une zone confine´e ou semi-deconfine´e de de´charge incluant
la zone humide
B: Vulne´rabilite´ de l’aquife`re aux pollutions
L’analyse conjointe des aˆges et des nitrates met clairement en e´vidence la vulne´rabilite´ de
l’aquife`re aux pollutions. Les eaux recharge´es apre`s les anne´es 1970 contiennent syte´matiquement
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des nitrates (voir Figure 1.3). Les concentrations sont relativement importantes pour une eau souter-
raine. De`s les anne´es 1980 les nitrates s’e´chelonnent entre 30 et 40 mg/L, atteignant 53 mg/L pour
l’eau la plus re´cente date´e de 1993. La pollution diffuse engendre´e par les intrants agricoles est nette.
Par conse´quent, l’ide´e communemment re´pandue, que l’aquife`re est prote´ge´e des pollutions graˆce
aux larges zones confine´es (ou semi-confine´es) au droit des tourbie`res, n’est pas correcte. En effet, la
nappe souterraine est majoritairement alimente´e dans le ”Haut Pays”.
Ce constat doit alerter sur la pe´renite´ de l’exploitation de cet aquife`re pour l’eau potable, com-
















Date de recharge de la nappe 
Figure 1.3: Relation entre l’aˆge de la nappe souterraine et les concentrations en nitrate
C: Vulne´rabilite´ de la zone humide aux pressions anthropiques
La qualite´ et la quantite´ de donne´es disponibles ainsi que l’e´laboration du mode`le conceptuel ont
permis d’alimenter un mode`le nume´rique en 3 dimensions (sous Visual MODFLOW) qui inte`gre une
certaine complexite´e. L’objectif e´tait de tester la vulne´rabilite´ de la zone humide a` un accroisse-
ment de l’extraction en eau potable dans l’aquife`re sous-jacent et au changement climatique
attendu a` l’horizon 2090-2100.
Le mode`le tient compte des interactions entre l’aquife`re et la zone humide, la topographie, et
inte`gre une ”limite de drainage” controle´e par la topographie, qui de´termine librement les aires de
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drainage. Cette me´thodologie a aboutit a` un mode`le bien calibre´, notamment en reproduisant cor-
rectement l’e´tendue des zones humides.
Diffe´rents sce´narios de diminution ou d’augmentation de pompage ont e´te´ teste´s. Les re´sultats
sont synthetise´s sur la Figure 1.4 pour ce qui concerne les flux entre compartiments et le Tableau 1.1
pour l’impact sur les niveaux d’eaux et les surfaces impacte´es dans le marais.
Les conclusions majeures sont les suivantes:
• Les flux ascendants dominent les e´changes entre la nappe souterraine et le marais, con-
cordant avec le postulat que le marais est majoritairement une zone de de´charge de la nappe
souterraine.
• Le mode`le pre´dit toutefois des flux descendants plus importants du marais de la Se`ves vers la
nappe souterraine, compare´es a` ceux de la Taute, meˆme dans le cas du mode`le sans contrainte
anthropique (sans pompage).
• Le pompage engendre une augmentation des flux descendants .
• L’abaissement (et le maintien a` un bas niveau) du niveau d’eau dans la tourbie`re de
Baupte, anciennement exploite´e, repre´sente un pre´le`vement d’eau important (de l’ordre
de 10 Mm3/an). Ce pompage impacte significativement le marais dans son ensemble, et plus
particulie`rement celui de la Se`ves. Toutefois, en l’e´tat actuel du mode`le, la quantification de cet
impact est hasardeux, une approche simplificatrice ayant e´te´ adopte´e pour repre´senter le niveau
d’eau a` Baupte, et le mode`le calibre´ avec cette condition.
• Les pompages montrent un impact important sur les niveaux d’eau dans le marais de la
Se`ves, bien moindre dans celui de la Taute. Ainsi, le pompage actuel de 5 Mm3/an dans le
bassin aquifr`e de la Se`ves, aurait contribue´ a` abaisser le niveau de la zone humide de 25 a` 40
cm.
• La quantite´ d’eau draine´e en surface, et donc contribuant aux de´bits des cours d’eau, est
significativement affecte´e dans les deux bassins, mais plus fortement dans le bassin de la
Se`ves.
Diffe´rents sce´narios de changement climatique ont e´te´ teste´s. Ces sce´narios de´rivent de pre´dictions
moyennes re´alise´es par le G.I.E.C. (Groupement d’experts Internationaux sur l’Evolution du Climat)
et applique´es aux parame`tres locaux du Cotentin (latitude, conditions me´te´orologiques locales...).
Les re´sultats pre´disent un impact important sur les marais a` l’horizon 2090. En 2090 une
augmentation de tempe´rature de 2.5 ◦C est pre´vue. La pluviome´trie associe´e peut rester inchange´e, ou
varier de plus ou moins 5% mais dans tout les cas l’e´vapotranspiration est augmente´e ce qui entraıˆne
une diminution de l’alimentation de la nappe souterraine.
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Table 1.1: Surfaces impacte´es et niveaux d’eau moyens du marais associe´s aux diffe´rents sce´narios
de pompage teste´s. Q: volume pompe´ par an.






Q = 0 +1.35 km2 +25 a` +40 cm 0 a` +10 cm
Pompage actuel Q / (Total de 35
km2)
0 cm 0 cm
Q +50% Se`ves -2.4 km2 -20 cm 0 cm
Q +100% Se`ves -0.5 km2 -35 a` -50 cm 0 a` -5 cm
Q +50% Taute -5 km2 0 a` -10 cm 0 a` 10 cm
Q +50% Taute -2.1 km2 -15 cm 0 a` -30cm
Table 1.2: Impact de trois sce´narios moyens de changement climatique sur les volumes d’eau alimen-
tant la nappe souterraine et les surfaces de marais impacte´es.
Par rapport a` l’alimentation et







marais (baisse du niveaux
d’eau moyen en dessous de
50 cm/sol)
Sce´nario ou` la pluie aug-
mente de 5 %
-22% Impact sur 7.3 km2
Sce´nario ou` la pluie est in-
change´e
-38% Impact sur 12.5 km2
Sce´nario ou` la pluie diminue
de 5 %
-59% Impact sur 18.4 km2
























































































































































































Les re´sultats de simulation du changement climatique (A1B) sont synthe´tise´s dans le Tableau 1.2,
du moins impactant au plus impactant a` l’horizon 2090. Les probabilite´s de ces sce´narios sont e´gales,
l’e´volution a` venir rend leur date de re´alisation plus ou moins proche.
Les volumes d’eau draine´s sont aussi fortement impacte´es. Par exemple, le sce´nario median de
changement climatique pre´dit une baisse du volume draine´ de -17% dans le bassin de la Se`ves et de
-9 % dans le bassin de la Taute, par rapport au contexte actuel.
A une large e´chelle de temps (fin du sie`cle), le mode`le pre´dit que le changement climatique a
un impact plus important qu’un doublement des pompages, sur les niveaux d’eau dans le marais
et plus ge´ne´ralement sur les flux entre compartiments. Toutefois, ceci ne doit pas mener a` sous-
estimer l’impact d’un accroissement de la demande en eau souterraine. Les deux contraintes
s’additionnent, et a` court terme (dizaine d’anne´es), l’extraction d’eau souterraine sera le pre-
mier processus impactant.
L’analyse hydrologique a donc confirme´ la vulne´rabilite´ de la zone humide qui constitue un
milieu en grande interconnection avec les autres compartiments hydrologiques que sont la nappe
souterraine et les cours d’eau. Par conse´quent, il y a un besoin de comprendre les me´canismes de
re´activite´ biochimiques lie´s a` ce syste`me dynamique et ouvert.

Chapter 2
Impact de fluctuations rapides des niveaux
d’eau sur les processus biochimiques de la
tourbe: court terme
Par analogie avec les fluctuations de niveaux d’eau rapides sur le terrain, l’e´tude des processus
biochimiques dans la tourbe a compare´ l’effet de fluctuations de nappe rapides avec une re´fe´rence en
conditions stables. Une de´marche expe´rimentale en microcosmes a e´te´ mene´e. De plus deux sites ex-
pose´s a` des conditions hydrologiques diffe´rentes dans leur passe´ re´cent sont compare´s: une tourbie`re
situe´e a` proximite´ d’un puits de pompage et une tourbie`re dite de re´fe´rence. Une e´tude pre´ce´dente
avait de´montre´ que le ”site de pompage” se distingue par une modification des e´coulements: les flux
ascendants (nappe souterraine vers zone humide) sont diminue´s en faveur des flux descendants, la
contribution des eaux de surface (et notamment du cours d’eau) dans l’alimentation de la zone hu-
mide e´tant augmente´e. Par conse´quent, des eaux plus oxyge´ne´es alimentent la tourbie`re depuis la
mise en route du pompage en 1992. Une illustration des conclusions majeures est pre´sente´e dans la
Figure 2.1.
A: Impact d’une alternance de cycles ae´robies / anae´robies sur les processus
biochimiques
• L’e´tude confirme que la vulne´rabilite´ biochimique de la tourbe aux changements environ-
nementaux, tel que l’e´tat d’ae´ration, est tre`s de´pendante de la qualite´ de la tourbe. En
effet, le recyclage des nutriments est fortement influence´ par l’e´tat de la tourbe, i.e. sa matie`re
organique et mine´rale et sa biomasse. Une tourbe plus de´grade´e, ou` les teneurs en nutriments
et biomasse sont plus faibles, est plus sensible aux processus d’oxydation qui entraıˆnent une
acidification importante, un relargage de sulfates et un lessivage de cations.
• Les pics de sulfate plus intenses sur le ”site de pompage” et l’acidite´ engendre´e, pourraient eˆtre
explique´s par une plus grande disponibilite´ de la pyrite, un mine´ral abondant dans ces tourbes.
L’e´tat de de´gradation de ce mine´ral, plutoˆt que la teneur totale en pyrite, est le facteur cle´.
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• De manie`re globale, les me´canismes majeurs observe´s dans ces tourbie`res sont la ge´ne´ration
d’une acidite´ qui au-dela` d’un certain seuil de´pendant de l’e´tat de la tourbe engendre un lessi-
vage de cations, corre´le´ a` un abaissement de la solubilite´ du carbone organique dissous.
B: Diffe´rences de comportement entre une dynamique de fluctuation et des con-
ditions stagnantes
• La tourbe, sature´e par une eau aux caracte´ristiques chimiques e´loigne´es de celles de la tourbie`re,
maintient une bonne capacite´ tampon. Autrement dit, la re´pe´tition de cycles de drainage et
de mise en eau n’alte`re pas (ou peu) la mise en place rapide d’un milieu anae´robie et re´ite`re les
meˆmes processus chimiques, comme par exemple l’abattement des nitrates et l’obtention d’un
pH acide. Un gradient redox est rapidement mis en place.
• Des fluctuations re´gulie`res de niveau d’eau, analogues aux cycles diurnes/nocturnes ou apre`s
un e´ve`nement pluvieux, favorisent le recyclage de nutriments. Autrement dit, la zone in-
sature´e en quasi-perpe´tuel mouvement est un re´acteur bioge´ochimique tre`s efficace.
• Toutefois des alternances rapides et re´pe´te´es teste´es sur une fre´quences de 3 jours conduisent
a` une augmentation progressives de l’oxe´ge´nation de la tourbie´re et donc a` une oxydation
plus importante de celle-ci si les alternances sont maintenues a` long terme.
• Les communaute´s microbiennes ne semblent pas affecte´es dans une certaine mesure par les
rapides alternances de niveau d’eau. Elles apparaissent ne´amoins plus adapte´es aux conditions
anae´robies et la re´pe´tition trop fre´quente et trop rapide des niveaux ge´ne`re une de´gradation de
l’efficacite´ de leur fonctionnement.
• La comparaison entre l’eau a` l’intrieur de la tourbe et l’eau draine´e de la colonne entie`re semble
s’accorder avec le concept de double porosite´: respectivement l’eau des micro-pores et des
macro-pores. L’eau des micro-pores, plus re´active, est le coeur du re´acteur bioge´ochimique.
C: Re´ponse de la biomasse et des communaute´s microbiennes en fonction des
sites et alternances e´tudie´s.
Les deux sites e´tudie´s (sous influence d’un pompage et plus e´loigne´) se distinguent nettement en
terme de biomasse mais aussi de communaute´s microbiennes.
• Le site sous influence du pompage a une biomasse totale et active plus faible ce qui sugge`re
que les conditions plus oxydantes subies par la tourbie`re ont alte´re´ ses communaute´s microbi-
ennes.
• L’analyse ge´nomique montre une distinction nette entre communaute´s microbiennes entre les
deux sites: le site sous influence du pompage pre´sente une diversite´ plus faible ce qui cor-
robore l’hypothe`se ci-avant.
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• Le site sous influence du pompage pre´sente une biomasse totale et active plus e´leve´e dans les
tourbes non remises en eau alors que l’inverse est constate´ dans l’autre site. Ceci sugge`re que
les conditions plus oxydantes subies par la tourbie`re proche du pompage ont favorise´ la
croissance de communaute´s plus ae´robies qui sont bien plus efficaces pour de´grader la
matie`re organique.
Cette partie a permis de mettre clairement en e´vidence les processus majeurs qui affectent la tourbe
lors des variations de niveau d’eau de la nappe. La fonctionnalite´ de la tourbe en matie`re de recyclage
de nutriments a e´galement pu eˆtre quantifie´e. Elle montre des signes de de´gradation potentiels sur
le long terme lorsque les communaute´s microbiennes et la matie`re organique adapte´s aux conditions
anae´robies sont soumis a` de plus forts flux d’oxyge`ne.
L’objet de la troisie`me partie a donc e´te´ d’e´valuer plus avant le roˆle a` long terme des conditions
d’anthropisation.













































Figure 2.1: Synthe`se des impacts biochimiques en fonction du degre´ d’anthropisation de la tourbie`re
Chapter 3
Impact de changements environnentaux a`
long terme sur les processus biochimiques
L’e´tude de l’impact des pressions anthropiques, objet de la premie`re partie de ce rapport, de´montre
une modification du re´gime des e´coulements, avec une baisse des niveaux d’eau dans la zone humide
et des flux modifie´s entre compartiments.
A long terme, l’intensification du gradient anthropique (Figure 2.1) peut engendrer un asse`chement
pe´renne menant a` la dessiccation de la tourbe. De plus, les flux modifie´s entre compartiments peuvent
modifier les rapports respectifs entre les sources alimentant la zone humide (Figure 1.4). Par exemple,
la contribution des eaux de surface ou des eaux de pluie peut augmenter en de´faveur de la contribution
des eaux souterraines.
Par conse´quent, nous nous sommes inte´resse´s aux potentiels impacts de ces modifications sur la
biochimie de la tourbe.
A: Impact de l’asse`chement prolonge´
• La remise en eau d’une tourbe soumise a` un asse`chement prolonge´ engendre une forte
production de sulfates et par conse´quent une acidification importante du milieu.
• L’acidification acrroıˆt en partie le lessivage des cations.
• A ces pH acides, le carbone organique dissous se maintient a` de faibles concentrations.
• Des nitrates sont produits, indiquant une mine´ralisation de l’azote contenue dans la tourbe.
• La dessiccation augmente la biomasse carbone´e, sugge´rant que l’asse`chement a favorise´ le
de´veloppement d’une communaute´ microbienne ae´robie, qui re´troactivement contribue a` la
mine´ralisation (effet re´troactif).
• L’expe´rience en dessiccation renforce l’hypothe`se que l’e´tat de de´gradation de la pyrite et non
sa quantite´ totale explique une oxydation accrue (la dessiccation engendre une de´gradation).
• Les fortes oxydations engendrent une perte massique en e´le´ments, qui sont majoritaire-
ment a` l’origine du phe´nome`ne de subsidence de la tourbe.
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B: Impact de la qualite´ de l’eau de recharge
Dans un objectif de meilleure connaissance des effets biochimiques lie´s aux compositions des eaux
sur le fonctionnement de la tourbie`re, et de de´finition de mesures conservatoires de maintien des
niveaux d’eau, deux eaux ont e´te´ teste´es: une eau de surface et une eau souterraine.
Les deux qualite´s d’eau teste´es impliquent les meˆmes type de re´actions, a` savoir une diminuttion
rapide des nitrates, une production de sulfate, de fer et de carbone organique dissous, une re´tention
des cations (notamment Ca2+) et une diminution du pH. L’oxydation des sulfures de fer (notamment
la pyrite FeS2) est a` nouveau mise en e´vidence.
L’eau de surface engendre une production de sulfate, de fer et de carbone organique dis-
sous le´ge`rement supe´rieure. Une hypothe`se avance´e est que l’eau de surface pourrait he´berger une
communaute´ microbienne capable de le´ge`rement plus catalyser les re´actions d’oxydation.
Ces deux e´tudes ont permis d’analyser sur le long terme les effets d’une pression anthropique
globalement oxydante soit a` travers les effets de dessiccation, soit a` travers des eaux de recharge
diffe´rentes. Elles ont en particulier mis en e´vidence l’effet global de de´gradation de la tourbe soumise
aux pressions anthropiques. Elles sugge`rent que ces effets puissent eˆtre non line´aires et s’accentuer
au cours du temps.
Chapter 4
Quelques pre´conisations de mesures
conservatoires
Les re´sultats de ce travail de recherche ame`nent a` proposer des axes de vigilance et de pre´conisations
ge´ne´rales:
1. L’aquife`re est vulne´rable aux pollutions diffuses. En premie`re ligne, les intrants agricoles
sur la totalite´ du bassin, sont implique´s. Si les zones humides remplissent bien leur roˆle
d’abattement de nitrates par exemple, le reste du bassin ou` se concentrent les cultures ce´re´alie`res
est expose´. La bonne qualite´ de l’eau actuellement exploite´e peut s’expliquer par un captage
d’eaux correspondant majoritairement aux longs temps de re´sidence.
2. La mise en exploitation de nouveaux pompages d’eau potable doit privile´gier le bassin de
la Taute, celui de la Se`ves re´agissant par une baisse plus importante des niveaux d’eau dans la
zone humide (d’autant qu’il est de´ja` largement exploite´). Toutefois, le bassin aquife`re de la
Taute e´tant moins transmissif, il est moins inte´ressant a` exploiter et le rayon d’influence
du pompage est bien plus grand.
3. L’extraction d’eau souterraine a un impact sur tout le bassin hydrologique, mais cet im-
pact est plus fort dans le rayon d’influence du puits, en termes de modification des sens
d’e´coulement. Si cette zone est situe´e dans une tourbie`re, celle-ci est expose´e localement a`
des flux descendants plus importants, qui ame`nent des eaux plus oxyge´ne´es et donc accroissent
les processus d’oxydation. Si l’objectif est de pre´server localement l’e´tat d’une tourbie`re,
l’implantation d’un pompage d’eau souterraine n’est pas conseille´.
4. Les cycles de remise en eau conduits dans nos expe´riences sont analogues a` des fluctuations de
niveaux d’eau rapides sur le terrain. Les re´sultats confirment que des conditions anae´robies
doivent eˆtre favorise´es dans la gestion des tourbie`res, mais qu’une le´ge`re fluctuation des
niveaux n’alte`re pas son fonctionnement. Ces re´sultats s’accordent avec les recomman-
dations actuelles de restauration des tourbie`res qui favorisent une fluctuation dynamique des
niveaux d’eau. En effet, les e´coulements d’eau et les pe´riodes courtes d’inondations favorisent
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la productivite´ primaire et d’autres fonctions ecosyste´miques comme le renouvellement de nu-
triments (incluant les e´le´ments dont l’accumulation est toxique), d’e´nergie et de vivant. Toute-
fois, quoique un certain degre´ de fluctuation soit be´ne´fique, cette e´tude de´montre aussi que
quand l’ae´ration augmente au-dela` d’un seuil critique, le recyclage d’e´le´ments chimiques
tels que le fer ou le soufre peut eˆtre drastiquement alte´re´. L’e´tat extreˆme d’asse`chement
prolonge´ est quant a` lui clairement destructeur.
5. A l’e´chelle du bassin, deux leviers possibles pour contre-balancer les effets ne´gatifs d’un
accroissement du pompage ou du changement climatique apparaissent et me´riteront une
analyse plus pousse´e. D’une part une modification de la gestion des niveaux d’eau par les
ouvrages hydrauliques et d’autre part une remonte´e des niveaux d’eau dans la tourbie`re
de Baupte. En effet, un dense re´seau d’ouvrages hydrauliques existe sur la zone humide,
constitue´ de clapets anti-retour, de vannes, de portes a` flot, dont la gestion est assez complexe.
Par ailleurs, l’exploitation sur la tourbie`re de Baupte est arreˆte´e depuis 2006 mais le pompage
est maintenu pour prote´ger les terres agricoles voisines. Dans le cadre de la restauration de ce
site industriel, une remonte´e progressive des niveaux d’eau pourait favoriser les zones humides
dans l’ensemble du bassin. Des re´flexions sur les mesures conservatoires sont donc a` mener
avec le Parc Naturel dans le cadre du Sche´ma d’Ame´nagement et de Gestion des Eaux e´labore´
en 2012.
Chapter 5
Partie V: pour aller plus loin...
Quelques perspectives scientifiques:
• Il serait inte´ressant de mettre en place un e´quipement et un suivi a` long terme des niveaux d’eau
dans la zone humide. Ces donne´es sont par exemple ne´cessaires pour une mode´lisation en
re´gime transitoire, qui a beaucoup d’inte´reˆt dans des zones humides sensibles aux fluctuations
du niveau d’eau. Par aillleurs, le changement climatique peut engendrer des se`cheresses plus
accentue´es en e´te´ et des hivers plus humides, une mode´lisation en re´gime transitoire est donc
ne´cessaire pour pre´dire ces variations.
• Dans le cadre de la restauration du site industriel de Baupte, un affinement de la mode´lisation
inte´grant les modifications possibles du niveau d’eau, serait inte´ressant. Ceci afin de mesurer
leurs impacts sur l’ensemble des zones humides du bassin.
• L’ e´tude a mis en e´vidence une mine´ralisation de la tourbe, sur la base d’indicateurs chimiques.
Une mesure quantitative de la mine´ralisation (par des me´thodes classiques de mesures de perte
de masse, sur le terrain ou en laboratoire) permettrait de quantifier le processus, afin de mieux
estimer les risques de subsidence.
• Enfin, les expe´riences ont mis en e´vidence une dynamique du soufre qu’il serait inte´ressant de
mieux caracte´riser par me´thodes istopiques par exemple. Une caracte´risation structurelle des
phases soufre´es, par rayons X par exemple, permettrait d’identifier clairement les phases en
pre´sence, mais aussi l’e´tat d’alte´ration de ces phases, sugge´re´ comme facteur cle´ d’oxydation
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Table A.1: Results of the chemical analysis in the wells from Sainteny-Marchesieux





















EC µS/cm 716 709 537 556 689 807 778 766 711 709
Oxyg mg/L 0 0 0.80 0.01 0 0 0 1.1 0 0
T C 12.7 13.4 12.5 12.9 13 12.4 13.3 12.9 13.1 13
pH 7.2 7.2 6.6 6.56 7.4 7.4 7.9 7.3 6.8 7.8
Eh mV 50 195 109 388 33 73 33 317 16 238
Alc. mol/L 0.006 / 0.004 0.006 0.007 0.006
IC mg/L 87.9 83.9 61.0 57.8 79.3 88.8 92.3 90.6 85.0 85.4
Cl− mg/L 27.1 27.4 29.2 31.7 30.1 32.8 31.7 32.6 29.6 29.7
SO2−4 mg/L 21.2 21.6 15.5 14.7 26.3 39.8 26.3 25.5 ¡ 0.1 n.a.
NO−3 mg/L 0.30 n.a. 9.75 10.6 ¡0.1 n.a. ¡0.1 5.7 0.37 0.3
NO−2 mg/L 0.10 0.07 ¡0.07 n.a. ¡0.07 0.07 0.11 0.03 0.09 0.066
PO3−4 mg/L ¡0.1 n.a. ¡0.1 n.a. ¡0.1 n.a. ¡0.1 n.a. 0.16 0.13
Br− mg/L 0.10 0.11 0.11 0.13 0.10 0.09 0.11 0.10 0.13 0.11
Na+ mg/L 26.28 35.01 32.90 24.39 74.70
Mg2+ mg/L 17.44 16.26 5.06 4.56 19.54 20.88 21.86 20.57 29.93 33.08
Al3+ µg/L 1.51 7.3 0.00 7.3 3.60 8.8 1.11 6.7 2.23 12.3
Si4+ mg/L 5.64 8.60 7.91 7.31 8.57
K + mg/L 2.12 2.03 5.28 4.42 3.40 3.98 2.19 2.37 23.10 22.08
Ca2+ mg/L 123.37 121.61 72.63 79.72 84.69 115.27 123.53 124.09 19.98 23.60
Sc µg/L 0.872 1.277 0.991 1.175 1.188
V µg/L 0.12 0.18 0.15 0.08 0.09
Cr µg/L 0.11 0.91 0.77 0.33 0.12
Mn µg/L 174.94 8.16 28.46 18.39 3.15
Fe µg/L 2371.6 133.1 507.1 281.6 120.5
Co µg/L 10.88 4.98 0.78 1.19 0.44
Ni µg/L 1.77 3.55 2.14 2.44 0.52
Cu µg/L 0.38 0.27 0.40 0.46 0.47
Zn µg/L 1.59 1.74 11.18 2.93 1.63
Rb µg/L 1.69 0.65 1.80 1.60 2.53
Sr µg/L 1331.88 246.91 745.20 644.35 1923.76
Cd µg/L 0.06 0.18 0.06 0.10 0.06
Ho µg/L 0.0020 0.0044 0.0008 0.0006 0.0012
Er µg/L 0.0056 0.0125 0.0021 0.0017 0.0042
Tm µg/L 0.0008 0.0016 0.0003 0.0002 0.0006
Yb µg/L 0.0039 0.0094 0.0018 0.0017 0.0036
Lu µg/L 0.0007 0.0013 0.0003 0.0003 0.0006
Pb µg/L 0.048 0.070 0.051 0.038 0.065
Th µg/L 0.001 0.018 0.000 0.000 0.000
U µg/L 1.592 0.701 0.093 0.095 0.067
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Table A.2: Results of chemical analysis in the wells from Sainteny-Marchesieux























EC µS/cm 430 631 628 592 592 570 572 418 382 392
Oxyg mg/L 0 0.93 0 6.82 2.2 4.4 0.91 0.48 0 2.4
T C 13.7 12.9 12.4 13.5 12.3 13.5 12.3 12.8 12.3 12.2
pH 6.8 7.0 7.2 6.8 7.3 6.5 6.8 7.1 7.34 6.3
Eh mV / 117 209 186 198 98 294 21 86 535
Alc. mol/L 0.004 0.004 0.0043 0.004 0.0043 0.004 0.0040 0.003 0.0030 0.0021
IC mg/L 49.2 62.5 60.3 61.5 59.5 58.8 56.3 44.2 20.4 28.8
Cl− mg/L 25.9 36.2 40.7 30.3 33.1 35.8 37.8 25.8 25.2 35.2
SO2−4 mg/L 0.5 17.1 18.0 10.9 10.6 16.1 16.7 20.2 19.0 13.7
NO−3 mg/L ¡0.1 31.7 33.9 37.4 39.3 25.6 31.5 2.8 0 30.9
NO−2 mg/L ¡0.07 0.07 0.04 0.08 0.06 ¡0.07 0.05 ¡0.07 ¡0.07 0.05
PO3−4 mg/L ¡0.1 ¡0.1 ¡0.1 0.12 0.04 ¡0.1 ¡0.1 ¡0.1 ¡0.1 ¡0.1
Br− mg/L 0.13 0.11 0.11 0.11 0.11 0.14 0.15 0.08 0.08 n.a.
Na+ mg/L 19.951 21.335 15.970 16.17 20.735 19.262 17.52
Mg2+ mg/L 7.350 9.176 9.93 7.503 8.26 10.105 11.17 4.019 4.66 10.32
Al3+ µg/L 0.939 0.991 7.9 3.038 10.4 0.238 6.7 2.618 9.8 7.7
Si4+ mg/L 1.417 7.567 4.743 7.242 6.659
K + mg/L 1.613 1.735 1.844 2.109 2.61 1.080 1.17 1.379 2.148 2.001
Ca2+ mg/L 61.261 83.817 95.62 85.818 98.32 72.546 85.91 52.076 67.28 48.22
Sc µg/L 0.267 0.741 0.694 0.957 0.817
V µg/L 0.13 0.34 0.54 0.22 0.21
Cr µg/L 0.04 0.10 1.07 0.62 0.05
Mn µg/L 112.41 18.93 0.74 1.23 78.93
Fe µg/L 741.7 203.4 185.6 150.3 509.9
Co µg/L 1.18 0.53 0.31 0.38 0.41
Ni µg/L 1.48 1.36 1.96 1.55 4.40
Cu µg/L 0.34 0.32 1.25 0.36 0.28
Zn µg/L 1.49 1.60 4.43 2.05 3.48
Rb µg/L 1.34 0.52 0.36 0.40 1.02
Sr µg/L 116.25 264.07 136.14 183.07 150.37
Cd µg/L 0.05 0.10 0.69 0.06 0.06
Ho µg/L 0.0002 0.0002 0.0004 0.0011 0.0006
Er µg/L 0.0005 0.0005 0.0011 0.0030 0.0016
Tm µg/L 0.0001 0.0001 0.0001 0.0004 0.0003
Yb µg/L 0.0004 0.0006 0.0010 0.0026 0.0014
Lu µg/L 0.0001 0.0001 0.0001 0.0004 0.0002
Pb µg/L 0.076 0.052 0.105 0.044 0.092
Th µg/L 0.007 0.002 0.000 0.000 0.001
U µg/L 0.227 7.084 0.344 0.223 0.037
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Table A.3: Results of chemical analysis from the wells in Sainteny-Marchesieux





















EC µS/cm 711 713 650 585 654 658 451 446 524 380
Oxyg mg/L 0.6 0 1.17 0.45 0.2 0 0.34 0 1.4 3.1
T C 12.7 12.5 12.7 12.8 12.3 12.5 13.4 13 11.9 13.2
pH 7.2 7.1 7.1 6.7 7 7.1 7.1 7.6 7.5 6
Eh mV 27 304 109 334 77 187 71 69 403 395
Alc. mol/L 0.006 0.006 0.004 0.003 0.006 0.005 0.003 0.003 0.004 0.0007
IC mg/L 80.7 80.4 58.8 42.5 80.0 75.3 44.9 43.2 57.6 9.4
Cl− mg/L 37.4 34.9 45.1 46.8 31.1 33.2 26.9 25.7 28.1 46.8
SO2−4 mg/L 32.4 28.8 39.7 31.3 14.3 16.3 18.2 21.6 8.7 17.0
NO−3 mg/L 0.97 1.5 30.2 49.2 ¡0.1 3.1 2.9 0.8 11.5 53.6
NO−2 mg/L ¡0.07 20 ¡0.07 ¡0.07 ¡0.07 0.05 0.08 n.a. n.a. n.a.
PO3−4 mg/L ¡0.1 n.a. ¡0.1 0.04 ¡0.1 n.a. ¡0.1 n.a. n.a. n.a.
Br− mg/L 0.16 0.14 0.2 0.2 0.1 0.11 0.07 0.07 0.0988 0.12
Na+ mg/L 30.33 26.21 20.02 22.08 19.27 20.76
Mg2+ mg/L 9.04 9.63 7.81 5.912 13.26 14.53 8.09 7.94 11.75 5.61
Al3+ µg/L 1.475 9.3 5.084 7.3 0.000 8.0 1.619 10.6 8.3 10.3
Si4+ mg/L 8.48 4.64 5.91 6.59
K + mg/L 0.94 1.068 9.46 3.361 2.16 2.361 1.07 1.429 1.942 0.461
Ca2+ mg/L 108.99 126.48 85.24 87.93 99.55 108.39 64.47 71.84 78.50 42.02
Sc µg/L 0.94 0.62 0.90 0.61
V µg/L 0.16 1.63 0.24 0.12
Cr µg/L 0.32 0.68 0.12 0.11
Mn µg/L 85.72 7.07 113.86 26.53
Fe µg/L 1472.5 184.6 817.1 239.3
Co µg/L 0.66 0.65 0.46 0.36
Ni µg/L 2.06 2.48 1.72 1.07
Cu µg/L 0.35 1.35 0.37 0.38
Zn µg/L 1.47 11.59 3.67 3.75
Rb µg/L 0.72 3.17 0.45 0.69
Sr µg/L 246.57 178.12 283.85 3200.36
Cd µg/L 0.08 0.11 0.23 0.09
Ho µg/L 0.0008 0.0081 0.0001 0.0003
Er µg/L 0.0017 0.0230 0.0002 0.0011
Tm µg/L 0.0004 0.0034 0.0000 0.0001
Yb µg/L 0.0015 0.0173 0.0000 0.0008
Lu µg/L 0.0005 0.0033 0.0002 0.0001
Pb µg/L 0.047 0.068 0.074 0.057
Th µg/L 0.009 0.003 0.015 0.000
U µg/L 0.048 0.272 0.751 1.158
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Table A.4: Result of chemical analysis in the rain water and stream water from Sainteny-Marchesieux
Param. Unite´ Rain water Sreams
mar.2004 nov.2004 jan.2005 SW1 SW2 SW3 SW4
Cond. µS/cm 95 n.c 88 361 463 425 461
Oxyg mg/L n.c. n.c. n.c. 3.4 4 1.7 4.5
T C n.c. n.c. n.c. 12 12.7 12.0 11.3
pH 7.4 n.c. 7.3 7.4 7.9 7.3 7.4
Alc. mol/L 0.00045 n.c. 0.00012 0.00167 0.00298 0.00237 0.00269
IC mg/L 6.4 n.c. n.d 23.2 41.5 33.0 37.5
Cl− mg/L 10.3 9.3 19.2 35.0 34.7 36.4 39.4
SO2−4 mg/L 4.2 4.1 3.9 19.0 17.1 15.6 19.1
NO−3 mg/L 4.8 11.4 7.6 9.1 1.7 7.3 7.4
NO−2 mg/L n.c. n.c. n.c. 0.2 n.a. 0.3 0
PO3−4 mg/L n.c. n.c. n.c. 0.3 n.a. 0.1 0
Br− mg/L n.c. n.c. n.c. 0.07 0.11 0.09 0.11
Na+ mg/L 6.05 5.83 12.12 20.35 19.34 21.54
Mg2+ mg/L 0.76 0.77 1.43 10.52 9.38 13.96 9.03
Al3+ µg/L 0.02 0.02 0.02 34.6 6.4 37.2 14.4
Si4+ mg/L n.c. n.c. n.c. 6.54 5.72 3.24 6.18
K + mg/L 0.45 0.12 0.04 8.55 3.38 13.79 5.05
Ca2+ mg/L 12.26 1.18 1.65 34.14 63.97 41.78 57.42
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Table B.1: Noble gases results
Well Ne mol/L Ar mol/L O2 mol/L N2 mol/L CH4 mol/L CO2 mol/L N2O mol/L
F1 1.1816E-08 1.8213E-05 1.0716E-05 8.4948E-04 1.2780E-07 5.1621E-04 2.0137E-06
F4 1.37E-08 1.904E-05 6.48E-05 0.00088479 1.58768E-05 8.98505E-05 0
F4 1.13002E-08 1.7406E-05 1.3154E-05 7.5447E-04 0.3329E-06 9.4445E-05 0.0000E+00
F2 1.25E-08 1.90E-05 9.60E-07 0.000914817 0 0.000718554 0
F2 1.24 E-08 1.96E-05 1.33E-05 0.000966074 0 0.000746508 0
48 1.27E-08 2.024E-05 1.26E-05 8.6625E-05 0 0.001340439 4.69575E-07
48 1.1767E-08 1.9706E-05 2.1072E-05 8.5023E-04 0.0000E+00 1.3504E-03 1.2819E-06
S12 1.12E-08 1.88E-05 8.75E-06 0.000847756 9.40267E-08 0.00244337 2.63713E-06
S12 1.2946E-08 1.9050E-05 9.9985E-06 4881E-04 0.0000E+00 2.4129E-3 2.4613E-06
43 1.15E-08 2.05E-05 9.66E-06 0.000963897 1.72929E-08 0.000214892 0
46 1.36707E-08 1.931E-05 1.23994E-05 0.000906181 0 0.001487458 0
46 1.3371E-08 1.8968E-05 1.1001E-05 8.8774E-04 2.9193E-08 1.5507E-03 0.0000E+00
S18 1.3678E-08 1.9404E-05 1.0657E-05 9.0927E-04 4.1954E-07 1.9087E-04 0.0000E+00
S18 1.3370E-08 1.9286E-05 9.48551E-06 9.0094E-04 3.085E-07 2.3794E-04 0.0000E+00
S10 1.52832E-08 2.3829E-05 1.6946E-05 2.1683E-04 1.1558E-05 2.6120E-04 0.0000E+00
S10 1.3490E-08 2.3374E-05 9.9163E-06 1.0874E-03 1.1620E-05 2.4004E-04 0.0000E+00
15 1.0869E-08 1.8224E-05 8.7607E-06 8.4848E-04 5.1393E-08 9.7482E-04 0.0000E+00
15 1.0392E-08 1.7821E-05 8.7396E-06 8.2559E-04 5.3331E-08 9.8953E-04 0.0000E+00
S15 1.10934E-08 1.8934E-05 1.3583E-05 8.5183E-04 0.0000E+00 2.9750E-03 1.3432E-05
S15 1.4730E-08 1.9283E-05 1.4789E-05 8.4076E-04 0.0000E+00 2.5299E-03 1.1467E-05
S14 1.1260E-08 1.7451E-05 1.0827E-05 8.5999E-04 1.1106E-06 1.2185E-03 0.0000E+00
S14 1.1659E-08 1.8507E-05 8.5613E-06 9.0091E-04 2.2795E-05 7.1487E-04 0.0000E+00
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Figure B.1: Ne against Ar, excess air and recharge temperature
Figure B.2: N2 against Ar, excess air and recharge temperature
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Statistical results : supplement to Chapter 2
in Part II
Table D.1: Summary table for analysis of variance of pH relative to the 3 treatments at day 45. P Le
Marais = 0.84; P La Bergerie = 0.0007
Source Degrees of freedom Sum of squares Mean square F ratio
Le Marais La Bergerie Le Mar. La Berg. Le Mar. La Berg. Le Mar. La Berg.
Between treatments 2 2 0.0367 4.8362 0.0183 2.4180 11.88
Within treatments 18 18 1.6875 3.2554 0.1054 0.2034
Total 20 20
Table D.2: Summary table for analysis of variance of SO2−4 relative to the 3 treatments at day 45. P
Le Marais =0.14; P La Bergerie =0.0011
Source Degrees of freedom Sum of squares Mean square F ratio
Le Marais La Bergerie Le Mar. La Berg. Le Mar. La Berg. Le Mar. La Berg.
Between treatments 2 2 2696 298778 1348 149389 2.254 10.202
Within treatments 18 18 8973 263574 598 14643
Total 20 20
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Table D.3: Summary table for analysis of variance of DOC relative to the 3 treatments at day 45. P
Le Marais =0.00061; P La Bergerie = 0.0011
Source Degrees of freedom Sum of squares Mean square F ratio
Le Marais La Bergerie Le Mar. La Berg. Le Mar. La Berg. Le Mar. La Berg.
Between treatments 2 2 6741.5 298778 3370 149389 12.64 10.202
Within treatments 18 18 3998.8 263574 266 279




























Figure D.1: Plot illustrating the Tukey Kramer test on the parameters found statistically different in
the variance analysis. Treatments are different if P value is less than 0.05 (bold type). 3d = 3 days
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